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Traditional insulation materials have limitations concerning adaptability and sustainability. In contrast,
Switchable Insulation Systems (SISs), which modulate their thermal properties based on environmental condi-
tions, present a promising alternative. Despite that, their application-based affordability requires further
research. This review investigates the applicability of developing SISs using low-cost, eco-friendly materials
suitable for hot climates. The methodology includes three phases. First, data and statistical analyses identify
research trends and gaps. Second, the selected SISs are examined to explore potential materials and technical
aspects, focusing on concepts, materials, control strategies, and fabrication. Third, assessing the applicability of
the selected systems. This study highlighted the limitations of using SISs that resulted from utilizing advanced
technologies such as responsive smart windows, thermal switches, adaptive films, and thermal diodes, besides
using complex controllers for optimization. A key strategy for promoting the adoption of SISs involves inte-
grating appropriate systems with affordable, eco-friendly materials. Incorporating waste glass, recycled PET, fly
ash, sheep wool, and coconut fiber into simple SIS designs (e.g., rotating panels, removable insulation, vertically
sliding panels, dynamic insulation-PCM systems, and roller blinds) can yield low-cost, eco-friendly SISs while
optimizing thermal mass and considering the technological and market potential to address energy savings,
thermal performance, and environmental impact in different contexts.

1. Introduction

Insulation systems are pivotal in maintaining comfortable indoor
environments, significantly boosting energy efficiency and minimizing
environmental impacts. They minimize heat transfer between interior
and exterior structures to reduce energy loss [1], regulate temperature,
conserve energy, and lower utility costs [2,3]. They also reduce green-
house gas emissions by reducing energy consumption [4]. Well-

insulated buildings enhance occupant comfort, productivity, and over-
all well-being by providing stable and comfortable indoor environments.
However, insulation systems have limitations, such as installation is-
sues, material degradation over time [5], and thermal bridges [6,7,8].
Additionally, the production and disposal of certain insulation materials
can cause environmental consequences such as greenhouse gas emis-
sions and waste generation [9]. Regarding energy efficiency, the main
reason for using insulation, adaptability is a crucial limitation. In hot
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climates, Winter temperatures have become more frigid (cold waves) in
recent years in many regions, as a result of global climate change
[10,11]. For example, despite Egypt’s typically hot and arid environ-
ment, it endured an unusually cold winter in January and February
2022, marking the coldest winter in the last decade. This recurring issue
affects the northern region of Egypt every year. During this period in
Egypt, the temperature plummeted by 7-8 °C, reaching a level below
5 °C, which is lower than the typical norm for this time of year [11].
Furthermore, buildings in hot summer-cold winter climates experience
significant temperature fluctuations, necessitating both cooling in
summer and heating in winter. For example, heating in the hot summer-
cold winter climate zone in China is seeing a rapid raising in urban
energy use, particularly in heating, with an average annual growth rate
of 50 % [12]. So, using effective strategies, like insulation, is crucial to
mitigate these fluctuating weather conditions and reduce heating and
cooling demand. Despite that, effective insulation in summer could be a
reason for the increase in heating demand in winter [13,14], and vice
versa in cold regions, necessitating a balanced approach to insulation
design that considers both seasonal extremes. Static thermal properties,
which do not change their insulating properties in response to changes
in environmental conditions, lead to energy loss in buildings, for
example, with fluctuating temperatures. However, traditional insulation
materials are relatively inexpensive [15].

The building construction industry commonly uses commercially
available insulation materials such as polystyrene and polyurethane
foam, or fibrous materials such as glass wool and rock wool [16]. These
materials provide thermal insulation; however, they are not environ-
mentally friendly because of their manufacturing and disposal methods
[17]. Sustainable practices should be employed to minimize these im-
pacts [9].

Adaptive systems have great potential for overcoming the limitations
of static systems. There are various types of adaptive systems. Hu and Yu
[18] proposed a Thermo and light-responsive building envelope of a roof
with thermochromic (TC) coating and walls with Phase change mate-
rials (PCM) under five distinctive climates. In a warm region, the
simulation results revealed that the use of a TC roof saves total energy
consumption by up to 13 % and reduces CO2 emission by 4 %; TC roof-
PCM wall gives rise to total energy saving of up to 19 % and a reduction
in CO2 emission by up to 5 %, especially for the building. Yan et al. [19]
introduced a novel pipe-encapsulated PCM wall system that decreased
the heat transferred through the wall compared to traditional walls in a
hot climate. The system with night active heat removal reduced the
accumulated heat transfer by 74.5 % over seven days, leading to a sig-
nificant energy-saving potential.

Dynamic insulation systems (DISs) belong to climate-adaptive
building skins that can change their thermal properties in response to
environmental changes. They achieve low heat loss or high heat gains
and significant energy savings compared to static insulation alternatives
[20,21]. DISs adjust the transmissivity or thermal resistance of the
building envelope to different weather conditions and vary their thermal
properties within a range, resulting in potential energy savings,
improved thermal comfort, and a zero-carbon footprint [22,23,24].
However, they are more expensive and less widely available [23].

Switchable insulation systems (SISs) fall under the umbrella of dy-
namic insulation technologies that can control their thermal properties
by switching low/high thermal resistance values in a controlled manner
[25], allowing for the peak shifting and shaving of HVAC demand
[26,27]. These systems are used within building components like walls
[26,28,29], windows [30,31,32], and roofs [25,33,34]. PCM and airflow
can create a composite structure with switchable thermal resistance,
effectively addressing overheating issues [35]. Integrating active insu-
lation systems with thermal energy storage systems can enhance the
flexibility of charging and discharging stored energy, thereby improving
the overall thermal performance of the building envelope [36].

SIS systems can enhance the energy efficiency of buildings by
reducing the heating and cooling energy by up to 12 % and overheating
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hours by 51 % [21,37]. By using temperature sensors, these systems can
optimize energy savings, ranging from 7 % to 42 % in the US [38].
Applying SISs to slab foundations can reduce the heating and cooling
energy loads, especially in cold climates [37]. The advantages depend
on the materials and control strategies used with the actuation
mechanisms.

Several review articles have explored the insulation materials,
focusing on factors influencing thermal conductivity and heat transfer
characteristics [39], integrating PCM in various building applications
[40,41], and different types and classifications of insulation materials
[42,43,44]. They also analyzed the properties of building insulation
materials [16], environmental performance [3], moisture buffering
value, fire performance, acoustic performance, life cycle assessment
[45], and energy savings [46].

Various control strategies have been proposed for SISs, including
time-scheduled and temperature-based settings [47], intelligent control
algorithms for phase-change-material wall systems [48], genetic algo-
rithms for optimal R-value settings in commercial buildings [49], and a
multi-step control strategy using wall surface temperatures, set-point
temperatures, and wall temperatures [50], highlighting the potential
of SISs to achieve energy savings through effective control strategies,
indicating their potential for energy efficiency.

Fabricating SISs in buildings faces challenges such as reducing costs
without sacrificing performance or adaptability features [51]. The per-
formance depends on many factors, such as the materials used, actuation
integration, and design features (e.g., wall cavity depth and insulation
layer width and thickness) [29]. For instance, material manufacturing
techniques are determined by the material type, application, installation
method, and desired properties, which affect their performance and
characterization [15]. Further research is required to understand and
optimize the potential of these techniques.

Researchers have reviewed dynamic insulation (DIS) from various
perspectives. Fawaier and Bokor [20] viewed dynamic insulation as a
promising approach for variable heat transmission rates through the
building envelope, such as parietodynamic walls, permodynamic walls,
and SISs. Zhang et al. [24] studied the thermal performance of thermally
adaptive walls. They provided a comprehensive overview of these walls
and concluded that incorporating the strengths of both PCM-integrated
and dynamic-insulation walls offers unparalleled thermal adaptability.
Stevens et al. [23] analyzed topology morphing insulation in building
envelope design. Cui and Overend [52] systematically reviewed and
classified switchable insulation technologies, focusing on their working
principles, theoretical performances, and opportunities for improve-
ment. These studies explored various aspects of the DIS, including its
potential for varying heat transmission rates, the role of topology-
morphing insulation in building envelope design, and factors affecting
heat transfer rates.

Most of the aforementioned reviews have focused on concepts of
DISs, heat-transfer modes and mechanisms, applications in buildings
and non-buildings, and topology morphing. However, there is a shortage
directing the developed systems towards affordability, especially
regarding used materials and technical aspects. The main objective of
this review is to investigate the applicability of developing affordable
and eco-friendly SISs for building envelopes in hot regions. In this re-
gard, this review aims to answer the following research questions:

e What are the research gaps and trends (most appropriate system)
related to this topic?

e What is the applicability of developing affordable and eco-friendly
selected systems for adoption in hot regions?

2. Methodology
As shown in Fig. 1, this review is based on three phases. The first

depends on searching, filtering, screening, and selecting related research
papers to identify research trends and growth areas and statistically
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Fig. 1. Outline of the review methodology.

analyzing the extracted data to define the research status and gaps. The
second presents a systematic analysis to track research evolution and
identify key disciplines in research domains by studying SISs from ma-
terial and technical perspectives by investigating types, concepts, ma-
terials, control strategies, and fabrication. Finally, the conclusions and
outcomes are discussed.

Over the period (2014-2024), representing the newest theories,
patents, and methodologies, the study conducted data searches using the
Scopus database, while other relevant Internet resources, such as pub-
lishers Wiley and Springer journals, were accessed. Moreover, the
research was within “Article title, abstract, keywords” with filtering
criteria for the literature search, as shown in Table 1. A filter was applied
to only include English articles related to the subject areas of engi-
neering, energy, and environmental science. Articles must focus on
materials, technologies, and DIS/SIS performance assessments to meet
inclusion criteria. Keywords related to the context of dynamic and
switchable insulation were used in different combinations, as illustrated
in Table 2, the number of research results in 27 papers relevant to
switchable insulation. Furthermore, eight additional articles and papers
were added from the references.

The remainder of this paper is organized as follows.

Table 1
Filtering criteria for the literature search.
subject area years document language
types
engineering, energy, environmental 2014-2024 articles English

science

Table 2
Keywords and search strings used to conduct the study.
No.  Keywords No. of
papers

First screening

1 “Variable R-value”; "insulation* 3

2 “Dynamic insulation” 46

3 “Control strategy” AND “dynamic insulation 8

4 “Adaptive insulation” 7

5 “Active insulation”; AND thermal 28

6 “Dynamic insulation”; AND building 37
Before manual filtering 91
After manual filtering 85

Second screening

7 “Switchable U-value”; “insulation‘ 3

8 “Switchable insulation” 20

9 “switchable”; AND “thermal”; AND “insulation”; AND 29
“building”
Before manual filtering 36
After manual filtering 27

e Data analysis and statistical analysis (Section 3) are used to overview

scientific landscapes using VOSviewer [53,54] and to define the
research status and research gap. The content was classified into four
subcategories according to the scope of the article, integration level,
climatic region location, and methodological approach.

Switchable insulation systems (Section 4) were analyzed for their
mechanical adjustability, materials used, control strategies, actua-
tion, and fabrication to determine the most related parameters and
available options.
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e The applicability of developing affordable, eco-friendly switchable
insulation in hot climate regions (Section 5) from the materials and
technical aspects based on the previous section.

e Conclusion (Section 6) summarizes the key points and highlights
areas for future research.

3. Data analysis

Maps were created using VOSviewer [53]. Fig. 2 underscores a sig-
nificant research gap in the study of SISs because it reveals the lack of
studies on control strategies and insulation materials in thermal insu-
lation. Moreover, Fig. 3 displays a timeline with the keyword network
map, illustrating a rising interest in SISs in recent years and highlighting
their substantial potential. Furthermore, Fig. 4 emphasizes a notable gap
in this field, specifically the lack of studies investigating the relationship
between insulating materials and SISs, although more studies have
applied optimal control strategies to SISs to improve their performance.
Upon closer examination of switchable insulation systems, Fig. 5 illus-
trates the research interests related to SIS. A more in-depth investigation
is required to fully understand its operational mechanisms and potential
applications.

3.1. Statistical analysis

3.1.1. Scope of research

These articles explore innovative developments in a wide range of
fields, including systems, materials, and control strategies, as shown in
Fig. 6These articles provide an in-depth analysis of innovative technol-
ogies’ performance and examine their strengths and limitations in
diverse contexts. Furthermore, they offer a detailed exploration of
various optimization methods, providing insights into the most effective
ways to enhance their efficiency and effectiveness.

Most of the literature has focused on innovating new systems and
concepts (11 articles, Table Al), including thermally-insulated roller
blinds[55], wall-integrated solid-state thermal switches [26], horizontal
Planar Liquid-Vapor Thermal Diodes (PLVTD) [56], removable insu-
lation systems [30], partitioned multifunctional smart insulation [57],
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closed translucent facade elements with switchable U-values [58], non-
volatile thermal switches [28], hybrid smart water-filled glass (SWFG)
[31], suspended particle device (SPD) switchable glazing [32], and
movable SISs [29]. Furthermore, there is research interest in applying
SISs in different climatic zones and contexts, as well as residential,
commercial, and office buildings, and analyzing their performance (11
articles, Table A4). Only (seven articles, Table A3) focused on control
strategies such as schedule-based controls, rule-based controls
[25,47,50], and control optimization, such as genetic algorithms
[25,47,59]. On the other hand, published research papers on material
improvements are limited (five articles, Table A2), which are flexible
hybrid composite films containing CsxWOs3 nanocrystals [60], VOo-
aerogel [61], silica-based core materials for thermal superinsulation
[62], and PCM integrated in switchable insulation [35]. The literature
mainly investigates parameters such as energy savings by comparing the
thermal and energy performance of traditional insulation and SISs and
comparing the performance of SISs using different control strategies.

3.1.2. Integration level of application

Integrating SISs into various components of building envelopes is
gaining traction in energy-efficient buildings at multiple levels., as
shown in Fig. 7. The literature highlights a particular focus on inte-
grating SISs into walls (29 %), closely followed by windows and trans-
lucent facades (26 %) and roof, ceiling, or attic applications (26 %). In
contrast, integration into the floor slab is currently the least explored.
While some studies investigated the integration into the overall building
envelope (10 %), others explored specific combinations such as walls
and windows, or roof and wall (9 %) to achieve a higher energy saving.
This distribution underscores the considerable interest in switchable
insulation for regulating heat flow through walls and windows, offering
promising potential for enhancing building energy efficiency and
occupant comfort.

3.1.3. Location of application

As illustrated in Table 3 and Fig. 8, the countries most related to this
research topic are developed countries. Only one study in Iran, a
developing country, discussed dynamic cool roofs. All studies were
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conducted in developed countries and were characterized using
advanced materials and techniques. On the other hand, developing
countries are characterized by a less developed industrial base, lower 3.1.4. The methodological approach
human development index (HDI), and low per capita national income
[63], highlighting the importance of developing affordable switchable

systems applicable to this context.

SISs have been widely explored using various research methodolo-
gies, as illustrated in Fig. 9. Simulation techniques are considered the
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primary approach, with as many as 15 studies (48 %) using them to
analyze the performance or behavior of these systems to evaluate energy
savings, heating and cooling demands, and thermal performance, or to
perform CFD analysis. Most of the tools used in the simulation were used
for modeling or validation.

First, EnergyPlus (11 times), Energy Management Systems (EMS)
(three times) [64], and MATLAB (six times) [65] are among the most
used software tools for energy analysis, management, and optimization
across various domains. They can be used independently or in combi-
nation to provide a comprehensive energy management and optimiza-
tion approach. Second, COMSOL Multiphysics (three times) is applicable
for simulating coupled phenomena and multiphysics using advanced
numerical methods [66,67]. Finally, DesignBuilder [68], LBNL WIN-
DOW [69,70], IDA ICE (Indoor Climate and Energy) [71], FLUENT
[29,72] and TRNSYS were less frequently used.

In contrast, experimental methods were employed in two studies (7
%) to assess and validate the feasibility of such insulation systems.
Furthermore, experimental, theoretical, and numerical approaches were
used and were less frequently used independently (1 % for each).
However, these approaches were used in combination (39 %). The in-
tegrated application of theoretical, numerical, simulation, and experi-
mental methods in these studies supports a comprehensive investigation
of SISs’ performance. This complex approach offers a deeper under-
standing of these systems’ capabilities and potential applications.

3.2. The research status of switchable insulation

Based on the above analysis, the status of SIS-related research can be
summarized as follows:
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Fig. 7. Integration level of switchable insulation systems application into
building envelops.

Table 3
Number of publications in most related countries.

Country No. of publications

us

UK
Ireland
China
Central Europe
Germany
France
Iran
Norway
Belgium
Spain

w

N R W WA W

e Integration and Application: Numerous studies have investigated the
ability to integrate SISs into building envelope components. This
integration can potentially improve building energy efficiency and
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thermal comfort; however, there is an apparent shortage of research

on integrating eco-friendly insulation materials and SISs.
e Methodological approaches: Research on SISs has employed several
methodologies, including simulations and experiments. Simulation
tools are often used to analyze SISs’ performance and behavior, while
experimental methods are limited. However, mixed approaches are
more common, and are used to assess and validate their feasibility.
Global research focus: Research on SISs is primarily conducted in
developed countries, with a limited focus on developing countries.
This reveals a gap in knowledge transfer and technology adoption,
particularly in hot climate regions, where the applicability of SISs
can be significantly practical.

In conclusion, SISs show enormous promise, but are not used in
developing countries, particularly in hot regions where economic solu-
tions are needed. In addition, there is a lack of research on integrating
eco-friendly insulation materials with SISs. Research indicates that SISs
offer significant opportunities to improve energy efficiency and thermal
comfort in sustainable building envelopes in hot areas. Further research
is required to enhance these technologies, tackle cost obstacles, and
promote their wider adoption.

4. Switchable insulation systems

This study selected SIS as a promising technique for developing
adaptive systems based on affordability. This approach can be applied
based on its mechanical adjustability, material type, thermal perfor-
mance parameters, control strategies, and fabrication to determine the
most related parameters and available options (Fig. 10).

4.1. Mechanical adjustability

In the context of building insulation, mechanical adjustability and
response mechanisms in SIS allow the system to alter its insulation
properties [52] in response to external stimuli through its ability to
modify or adjust the physical properties or configuration of the insu-
lation material to enhance its performance (Table A1, Table A4). These
can be classified as follows:

e Dynamic panels/parts: panels or materials that can mechanically
change their configuration or position to adapt to varying environ-
mental conditions.

e Adjustable fluid flow systems: they control fluid flow and movement
within the systems.

e Adjustable properties systems: they depend on changing properties.

Fig. 11 shows the system types and concepts discussed in this review.

Fig. 8. The most related countries to the research topic.
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4.1.1. Dynamic panels/parts

4.1.1.1. Movable insulation parts

4.1.1.1.1. Rotating panels. Krarti [73,29] proposed incorporating
SISs into a building’s thermal envelope. This involves the installation of
two surfaces with a gas-filled cavity and insulating elongated fins
attached to different rotational axes. These fins can rotate between

closed and fully open positions (Fig. 13.A). Dehwah and Krarti [33]
extended this concept to create dynamic window systems that combined
switchable transparent insulation and smart glazing (Fig. 13.F). The
window design optimizes performance by managing key factors such as
the solar heat gain coefficient (SHGC), visible transmittance (VT), and
thermal resistance (R-value). Smart glazing can be adjusted to high or
low settings for SHGC and VT values, depending on the control strategy.
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Fig. 11. Types of switchable insulation systems.

Furthermore, Rajabi et al. [37] assessed the energy efficiency of a similar
SIS applied to a slab in residential buildings (Fig. 13.K).

4.1.1.1.2. Vertically sliding panel. Pflug et al. [58,74] introduced a
translucent system that controls convection around a translucent insu-
lation panel. This system features a switchable U-value and moves
vertically within a double-glazing unit (Fig. 13.G). In its insulating state,
the insulation panel is located at the top, minimizing convection around
it. At this stage, the system comprised three insulating layers (two thin
air layers and an insulation panel). However, when the system is
configured to allow heat transfer, the insulation panel is centered
vertically, creating air gaps at both the top and bottom to facilitate
convection around it.

4.1.1.1.3. Removable insulation. Pflug et al. [30] developed a
switchable facade component capable of altering its thermal and optical
properties. The component features air-filled spaces separated by opa-
que films that can be rolled up or down between two fixed layers,
enabling it to switch between a thermally insulating and a conductive
state. This system can be applied to both windows and walls (Fig. 13.B
and Fig. 13.H).

4.1.1.2. Roller blind. Alkhatib et al. [55] developed a dynamic
insulating roller blind to control both heat transfer and daylight. The
blind used a foldable, thermally insulating material installed inside the
windowpane. It was equipped with side channels on the window frame
to maintain its position close to the glass during operation. A cover at the
top of the blind reduced air leaks between the insulated roller blind and
the glass (Fig. 13.J). The roller blind was adjusted to four positions based
on the internal temperature, preventing overheating in summer and
reducing heat loss at night. The temperature thresholds for each position
were 15°C for fully open, 18.4°C for quarter-height, 19.4°C for mid-
height, and 21.4°C for fully closed positions.

TIM = ‘

( |Contac

4.1.1.3. Wall-integrated thermal switches. Miao et al. [28] developed
a thermal switch that creates or disrupts a thermal path utilizing
aluminum for heat conduction due to its high thermal conductivity,
lightweight, and cost-effectiveness. The device frame was made of high-
density polyethylene (HDPE) plastic with low thermal conductivity.
Joule-heated shape memory alloy (SMA) wires activated the switch,
controlling the gap opening and closing (Fig. 12). The device alternates
between ON and OFF states using SMA wires and rotating blocks. When
a voltage is applied to the outer SMA wire, it triggers the on state.

This state is maintained without further electricity consumption. To
switch to the off state, the inner SMA wire is heated, rotating the pivot
blocks and snapping the beam upward, creating an air gap that disrupts
the thermal path and minimizes the heat flow. This system reduces the
energy consumption for building envelope applications, requiring acti-
vation only once or twice daily, with each switch taking less than 10 s.
The thermal switches were integrated into the building envelope wall
(Fig. 13.C), with a layer of PCM placed between the two switches within
the wall cavity center (switch-PCM-switch stack).

Kunwar et al. [26] presented a similar wall-integrated solid-state
thermal switches (STS). It consists of flat pieces suspended in a steel wire
clamped to a rotating shaft, which converts the rotary motion into linear
motion. A DC motor controls the shaft based on the signal sent by a data
acquisition system and sensors input from the thermistors. The system
operates in two states (Fig. 13.D) R-low, where the flat pieces engage
with the U-channels and create a thermal bridge and a higher heat flow,
and R-high, where the thermal contact is broken, resulting in a lower
heat flow.

4.1.2. Adjustable fluid flow systems (thermal diodes)
A thermal diode is a device that transfers heat with low resistance in

Fig. 12. Using joule-heated shape memory alloy (SMA) wires to control thermal switches.
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one direction and with high resistance in the other. It consists of two
parallel plates separated by a cavity with a working fluid [56]. In the
forward mode, the fluid wets the hottest plate, causing vaporization and
subsequent condensation. By controlling the plate-wetting mechanisms,
the device can reverse, initiate, or suppress its operation on demand,
thus creating components with switchable thermal-insulation properties
[75].

Pugsley et al. investigated the behavior of modified planar liquid-
—vapor thermal diodes PLVTD in horizontal (Fig. 13.L) [56], vertical,
and tilted orientations (Fig. 13.E) [75]. The PLVTD facilitated heat
transfer by using the temperature differences between the plates. In the
forward mode, latent heat transfer occurred owing to phase changes in
the working fluid and net transfer of the working fluid vapor mass. In
reverse mode, thermal transmission occurred through various mecha-
nisms, including convection, gaseous conduction, radiation, and con-
duction through the external envelope and internal structural elements.
They discussed the application of PLVTDs in building envelopes as solar
heat storage or switchable insulation in ceilings and walls between the
day and night.

4.1.3. Adjustable properties systems

4.1.3.1. Switchable vacuum insulation. Owing to their low thermal
conductivity, super-insulators, such as Vacuum Insulation Panels (VIPs),
have gained popularity for energy saving in buildings, the cold-chain
industry, and home appliances. VIP’s effectiveness depends on the gas
pressure level within the open-porous material [43]. It is vital to
consider VIPs’ physical characteristics, such as thermal conductivity,
inner pressure, durability, and predicted service life [76]. The func-
tionality of switchable VIP (Fig. 13.M) relies on controlling aeration and
evacuation during regular operation [77].

4.1.3.2. Suspended particles device (SPD). Suspended particle glazing
modifies the properties of the glazing material by introducing suspended
particles into a fluid medium, adjusting the refractive index of the fluid,
and the surface tension of the interface, thereby regulating the amount
of light passing through a specific area [78]. Ghosh et al. [32] conducted
experiments using an outdoor test cell to characterize the thermal
properties of SPD switchable glazing and double-glazing systems. They
depended on light to pass through the SPD glazing (Fig. 13.I). Tests
demonstrated that SPD glazing effectively controlled the temperature
increase inside the test cell, with a limited transmission of 55 % in
transparent and 5 % in opaque conditions (compared with 78 % for
double glazing). Furthermore, on sunny days, the solar heat gain can be
controlled without any power requirement because the SPD remains
opaque when unpowered [32].

4.2. Thermal insulation materials

It is crucial to select an appropriate material to enhance the perfor-
mance of the SISs. This involves a deep understanding of the thermal
conductivity parameters and the array of available material choices.
Selecting suitable materials can significantly enhance the effectiveness
of insulation systems and improve energy efficiency and cost savings
(Table A2).

4.2.1. Thermal characterization and parameters influencing thermal
conductivity of switchable insulation systems

4.2.1.1. Common characterization and factors of insulation materials. The
thermal characterization of thermal insulation materials includes the
thermal conductivity A (for the steady state, which is affected by factors
such as moisture content, bulk density, temperature, airflow velocity,
aging, pressure, and thickness [39])., the thermal diffusivity D for the
unsteady state, thermal transmittance (U-value), thermal resistance (R-
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value), specific heat, albedo (of the roof), periodic thermal trans-
mittance, decrement factor (dimensionless), and Timeshift At (h) for a
multilayer wall to define thermal insulation under unsteady conditions
(the last three characterizations) [3,46,79]. Thermal insulation mate-
rials are characterized according to their thermal conductivities. Mate-
rials with the best performance have a thermal conductivity (A) < 0.05
[W/(m-K)], whereas materials with poor performance have a thermal
conductivity (A) > 0.08 [W/(m-K)]. Materials with the remaining values
are characterized as intermediate [39,44,79]. Understanding the rela-
tionship between effective thermal conductivity and influencing factors
of insulation materials is critical for determining envelope heat transfer
and building energy consumption [39].

4.2.1.2. Porosity, particle size, and gas pressure for the gas pressure-
dependent materials. Porosity and particle size influence the thermal
conductivity of gas pressure-dependent materials. Sonnick et al. [62]
investigated the impact of porosity and particle size on gas pressure-
dependent thermal conductivity of four materials: precipitated silica
(PS), fumed silica (FS), silica gel (SG), and glass spheres (GS). For
switchable vacuum insulation panels (Fig. 13.M), as illustrated in
Table 4 and Table 5, silica gel had the most significant effect at a
porosity of ¢ = 0.84 and maximum particle size. Natural convection
within pores is undesirable because it increases the total heat transfer.
Combining silica gel and helium as the filling gas produced the most
favorable results because of the high thermal conductivity and small
kinetic atomic diameter of silica gel and helium. Moreover, silica ag-
glomerates reduce the time required for aeration and deaeration [77].

4.2.1.3. Rotating angle between panels and wall cavity thickness. The
thermal conductivity of SIS with rotating panels is affected by the
rotating angle between panels and wall cavity thickness [29,73]. Dab-
bagh and Krarti [29] investigated this relationship and found that the
width of the wall cavity, as illustrated in Fig. 14, and the size of the
insulation layers affect the thermal performance. A 15-degree angle
between the insulation layers resulted in over a 50 % reduction in the R-
value of the wall, as illustrated in Fig. 15. Additionally, Pflug et al. [58]
examined the effect of wall cavity thickness on the system’s thermal
conductivity, while the vertical air gap thickness, as in Fig. 13.A, in-
fluences the U-value ratio in conductive and insulating states.

4.2.1.4. The solar Heat-Gain coefficient (SHGC). The Solar Heat-Gain
Coefficient (SHGC) is a key metric that measures the amount of solar
radiation that enters a building through its windows. Several factors,
including the window system’s design, electrical performance, and
operating conditions, determine SHGC values [80]. Advanced methods
to enhance SHGC include the use of advanced glazing, shading devices,
and water-filled glass [31]. Additionally, Switchable insulation inte-
grated windows with rotating panels [59,81] (Fig. 13.F) can also switch
between low and high SHGC values during cooling and heating modes,
respectively, ensuring occupant comfort and creating a pleasant indoor
environment.

4.2.1.5. Switching ratio. For all SISs, the switching ratio is a crucial
parameter used to evaluate the performance of the systems. When it
comes to conducting and insulating, the performances are distinct.
Therefore, the thermal performance of SISs is characterized by the
switching ratio () [82] as illustrated in the following equation:

Table 4
Selected domains for the parameter study on porosity and the decisive particle
size [62].

Ps FS SG GS
Porosity 0.80 to 0.98 0.80 to 0.98 0.80t0 0.98 0.3t00.7
Particle size ~ Agglomerates  Aggregates Aggregates Primary particles
5to 40 ym 50t0225um 5 to 40 um 1 to 100 pm
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Table 5
Suitability of the different materials for switchable VIP [62].
Application Value Ps FS SG GS
Switchable VIP Porosity Max. Max. Max. Max.
Particle size Min. 0.90 0.84 Min.
SW —Alp 1000 mbar)  Switching 8.09 4.18 8.82 7.93
A ratio (SW)
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Fig. 14. Impact of wall cavity thickness within DIS on R-values for various
insulation layers angles [29].

Mion/ Aofflg = Ron/Rofy Ny = Uon/ Uosp

Where Aon/Aof is the thermal conductivity coefficient, Ron/Rop is the
thermal resistance coefficient, and U,n/Uy is the heat transfer coeffi-
cient when the core layer is in insulating and conducting states.

4.2.2. Material types used

SISs can control heat flow by decreasing thermal conductivity using
insulation materials or increasing it using conducting materials like
metals. These approaches offer a flexible and efficient way to manage a
material’s thermal properties. As a result, SISs use diverse types of
materials based on their concept and working principles. The materials
can be classified into (Fig. 16):
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1. Insulating materials that serve as a core insulator within the system.

2. Conducting materials used in systems that create or disturb thermal
paths.

3. Materials integrated to enhance dynamic thermal performance.

4. Potential materials options

4.2.2.1. Insulating materials that serve as a core insulator within the system

4.2.2.1.1. Traditional insulation materials. Traditional insulation
materials can serve as core insulation material. For instance, Mineral
wool [81] and polyisocyanurate foam insulation [29] were used as core
insulation materials in rotating panels. Another option is using Plexi-
glas® layers, which are a thin film made of polyethylene terephthalate
(PET) with a thickness of only 12 um, coated with aluminum on one side,
that can be rolled up or down between two fixed layers to regulate the
temperature and light transmission properties [30].

4.2.2.1.2. Translucent insulation material. For translucent facades
and windows (Fig. 13.F and Fig. 13.G), Basotect® has been used as a
translucent insulation material, a melamine foam with open pores and
low density. At 20°C, it has a thermal conductivity of 0.035 [W/(m-K)],
making it a good option for energy-efficient facades [58]. Another
example of a translucent insulation material is monolithic silica aerogels
(MSA), which offer high transmittance properties for light and solar
radiation. MSAs have been utilized in Venetian blinds within smart
glazing windows, where they can regulate their thermal resistance in-
dependent of the window’s SHGC [59].

4.2.2.1.3. Silica and aerogel. Superinsulation applications often use
silica and aerogel as insulation materials. Fumed silica, although the
most common core material for vacuum insulation panels (VIPs) due to
its high performance, is expensive [62]. Consequently, Researchers are
exploring more cost-effective alternatives like precipitated silica, silica
gel, and glass spheres to find affordable insulation solutions [62].

Aerogel is another lightweight insulation material, with a density
ranging from 150-220 kg/m® and thermal conductivity between
0.024-0.027 [W/(m-K)], depending on the proportion of aerogel parti-
cles in the mixture. However, its major drawback is its lower heat
storage capacity compared to conventional insulators [83]. It is often
incorporated into fabrics for easy installation, as it is not used in pure
form. Transparent aerogel with ultralow thermal conductivity
(approximately 0.018 [W/(m-K)]) can improve the window’s thermal
resistance and reduce energy loss [61].

4.2.2.2. Materials used in systems that create or disturb thermal paths.
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Fig. 15. R-value variations as a function of the rotating angle for various thicknesses of the insulation layers [29].
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Aluminum is a good option for heat conductors due to its lightweight,
high thermal conductivity, and low cost [21,25]. It was used within
solid-state thermal switches (STSs) (Fig. 13.C and Fig. 13.D) by creating
or disturbing thermal paths.

4.2.2.3. Innovative materials integrated to enhance dynamic thermal per-
formance. Incorporating innovative materials is an effective strategy to
enhance the performance of Switchable Insulation Systems (SISs). This
can be achieved through various methods, such as increasing the ther-
mal mass of materials and systems and regulating light and heat
transmission.

4.2.2.3.1. Phase changing materials (PCMs). Phase-changing mate-
rials (PCMs) can significantly enhance thermal performance and energy
efficiency in building insulation and promote sustainability [35,84].
PCMs can stabilize indoor temperature fluctuations, improving thermal
comfort for building occupants [35]. The effectiveness of PCMs depends
on factors like location, phase change temperature, and thermophysical
properties [84]. The increasing thickness of the PCM layer only has a
positive impact on the performance of the building in hot and severe
cold climate zones [18]. Walls with PCM and dynamic insulation offer
superior thermal adaptability, regulating R-values, dispersing peak
loads, and improving indoor thermal comfort [24]. However, adding
PCM can lead to summer overheating due to thermal barriers.

Integrating PCMs into SISs provides a significant thermal perfor-
mance enhancement and more energy savings. To ensure the signifi-
cance of adding PCM to such systems, Miao et al. [28] found that while
incorporating a single layer of wall-integrated thermal switches can
effectively enhance the use of ambient cooling and heating, adding a
layer of phase change material (PCM) into the wall cavity, positioned
between two thermal switches, provides additional benefits. This setup
offers more flexibility and control to optimize natural cooling or heating
and charge the PCM, leading to yearly energy savings ranging from 9 %
to 55 % for heating and 17 % to 76 % for air cooling, depending on the
climatic zone.

4.2.2.3.2. Liquid crystals (LCs). For smart windows with switchable
characteristics, Liquid crystals (LCs) inhabit a unique state between solid
and liquid. The contrast in their optical properties provides a promising
solution for smart windows, as they can regulate both light and heat
transmission [85,86]. LCs are known for their dual-field responsiveness,
as they also react to electric fields [60].

4.2.2.3.3. Suspended particles. Liquid crystal windows and sus-
pended particles, such as polymer particles, can switch between trans-
parent and translucent states due to molecular or particle alignments
[61]. Ghosh et al. [32] studied the characteristics of SPD glazing
enclosed within double glazing (Fig. 13.E). They found that the mean U-
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value for SPD glazing was 5.9 [W/ (mz-K)], while the double glazing was
2.98 [W/(mZ-K)] When double glazing was combined with SPD
switchable single glazing, the U-value was 1.99 [W/(m2K)].

4.2.2.3.4. Caesium tungsten bronze (CsyWO3). He et al. [60] have
developed a composite film that combines Polymer-dispersed liquid
crystal (PDLC) and Cesium tungsten bronze (CsxWOs3) nanocrystals. The
PDLC system enables switching between transparent and opaque states,
improving indoor comfort and energy efficiency. CsyWO3 nanoparticles
block near-infrared light (NIR) irradiation, making them ideal NIR fil-
ters. The composite film can modulate light across the 400-2500 nm
solar irradiation range, encompassing both visible and invisible NIR
wavelengths. Transparency transitions occur when the temperature is
below the phase transition temperature (45°C), remaining transparent at
higher temperatures. Furthermore, the CsyWO3 nanocrystals provide a
protective effect in the 800-2500 nm range, screening 60 % to 95 % of
NIR irradiation under thermal and electric fields.

4.2.2.3.5. Vanadium dioxide (VOz). Vanadium dioxide (VOj) is
another material that can improve the performance of switchable win-
dows. It has various physical and chemical properties, including the
metal-insulator transition (MIT) temperature at 68°C [61,87], modu-
lating its optical properties by transforming it from a semiconductor to a
metal [88,89]. VO, also exhibits thermochromic properties, which
regulate solar transmission in the NIR (780-2500 nm wavelength). Zhao
et al. [61] developed an innovative film that combines thermal insu-
lation and transparency by incorporating VO, nanoparticles into an
aerogel film with low thermal conductivity. This thermochromic film
enhances thermal insulation and dynamic solar transmission control,
responding to ambient conditions. A thin 3.0 mm film can provide a low
U-value of approximately 3.0 [W/ (rn2~K)], high luminous transmittance
of over 60 %, and solar modulation ability of roughly 20 %. Applying
this film to single-pane windows can minimize energy loss, improve
thermal comfort, and mitigate overheating in hot weather and moisture
condensation in cold weather.

4.2.2.3.6. Shape memory alloys (SMAs). Shape memory alloys
(SMAs) can remember their shape at low temperatures and recover from
significant deformations when heated, known as the shape memory ef-
fect (SME). They can replace conventional actuators like electric and
fuel-powered motors, performing complex behaviors while reducing
weight and size [90,91]. Miao et al. [28] employed SMAs to control
thermal pathways between open and closed states as required in wall-
integrated thermal switches (Fig. 13.C) using Joule-heated SMA wires.
This system’s key feature is that an SMA wire undergoes a reversible
transformation near its phase transition temperature, which can be
reversed by applying a gentle external force.

Visible light

Infrared light

Core-shell nanoparticle

Fig. 17. (a) A single-pane window with a thermochromic VO2-aerogel hybrid (VAH) retrofitting film illustrates heat transfer and solar radiation transfer. (b)
Structure of the VOq-aerogel hybrid film. The transparent aerogel film reduces [61].

14



A. Salah et al.

Conventional Innovative

* Polystyrene * Closed-cell foam
* Formaldehyde
* Polyurethane and
polyisocyanurate
* Phenolic foam
¢ Cellulose

* Cork

Energy & Buildings 323 (2024) 114757

Sustainable

A- Bio-materials

1- Plant-based

* Agro-residue (corn, durian, coconut pith,
sunflower, rice husk, wheat husk, straw bale,
bagasse, date palm, coffee chaff, jute fibre,
cotton stalks fibres, pea pods, tomato plan
stems,)

* Forest-residue(bamboo fibres, fique, flax, hemp,
kenaf, reeds, coir fibres, pineapple, wood fibre,
wood (pine))

2- Animal-based

* Sheep wool

B- Recycled materials

* Cellulose, natural rubber, cotton waste, leather,
textile waste, polystyrene fibers, glass fibers,
waste paper, cork scrap, hemp shive composite,
coring wool & doper wool, typha australis clay

Mineral wool (glass, rock,
slag)

Calcium silicate

Foam glass

Expanded perlite
Vermiculite

Expanded clay

Aerogel

Vacuum insulation panels
(vips)

Gas filled panels

Thermo sheets
Transparent materials
Reflective multi-foil

Nano insulation materials

A- Recycled materials

* Newsprint papers, vermiculite, perlite,
zinc borax, plaster, basalt fiber, tyre
shred residues, chrome shaving, coal
fly ash, construction waste.

B- Industrial by-products

* Dynamic insulation
materials

Fig. 18. Thermal insulation materials used in building [3,16,42,44,46,79,92].

- - - o . - - N
@ Climate boundary @ Intrinsic/ extrinsic @ Adapting
> i . > >
@ con.dli.:lons. solar 2 Open/closed-loop @ compon.en.t/ systgm
« radiation, > 5 properties: material
© temperature, = C'ontr'o.I type: & properties, shading
g humidity,..... = SITpLIerddcontrOI’I S state, insulation
n ) 5 rule-based control, © position and
Room, material, 2 model predictive < fiorati
envelope 5 ol VPG configration,....
component state 5 onre ( )- Components:
€ ,genetic algorithms,
8 artificial intelligence sensors, motors,
and machine coded controls.
learning, TE
N\ jf & J

Fig. 19. Control architecture for switchable insulation systems (.
adopted from [95])

4.2.2.4. Potential materials options. There are three main categories of
thermal insulation materials used in building construction [16,42,92]:
conventional, innovative, and sustainable/renewable, as presented in
Fig. 18. Based on their origin, these materials are classified as organic
and inorganic.

Conventional materials provide thermal comfort but require signif-
icant energy and non-renewable resources for their production. In
contrast, Renewable materials offer similar performance in insulation,
fire resistance, and cost-effectiveness [93]. Advanced insulation mate-
rials provide superior thermal insulation properties but have higher
costs over their lifespan [16]. Sustainable insulation materials are better
choices as they encourage eco-friendly practices, enhance energy
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efficiency, and reduce environmental impact [45]. Bio-based or recycled
waste materials are commonly used in these materials. They are cost-
effective, lightweight, and can be repurposed, recycled, or decom-
posed naturally at the end of their life cycle [94]. Selecting sustainable
insulation materials promotes an eco-friendly and energy-efficient
approach to thermal insulation in buildings while reducing carbon
footprint.

4.3. Control strategies and actuation of switchable insulation systems

Control strategies and actuation methods are pivotal components in
optimizing energy efficiency optimization and thermal performance of
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Fig. 21. Concept of an extrinsic/closed-loop system.

buildings. These systems are responsible for the adaptation process of
SIS, which alters system configurations and insulation properties in
response to varying climatic conditions. This includes adjustments to
accommodate temperature differences between the internal and
external surfaces of walls or windows and determining the heat flow
direction [50]. Additionally, they regulate the impact of solar radiation
on building surfaces (Fig. 17) [31,61].

The control architecture of SIS can be divided into three levels [95]
(Fig. 19):

e Sensor level: Sensors monitor parameters like solar radiation, tem-
perature, humidity, ... etc. These sensors are set to the boundaries of
external and internal climatic conditions, which serve as critical
turning points in the system’s behavior.

Control strategy or control logic level: This allows for linking vari-
ables and data from sensors and actions by actuators after processing
control logic.

Actuator level: actuators are operated according to configurations
from controls, switching between conducting and insulating states.

Control strategies are classified into:

1. intrinsic/open-loop, used in smart systems (e.g., thermochromic and
PCMs) and directly triggered by a stimulus with no external in-
terventions (Fig. 20).

2. extrinsic/closed-loop, which is used in adaptive systems (e.g., kinetic
facades), needs external triggers to an external management system
that makes decisions (Fig. 21) [96].

Control strategies for SISs can be classified into several categories
based on their level of complexity: schedule-based control, rule-based
control, Genetic algorithm control system, and Model-predictive con-
trol (MPC), (Table A3).
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4.3.1. Scheduled-based control

Schedule-based control operates according to a preset timetable or
seasonal schedule without any interventions related to environmental
conditions [95]. In SISs, thermal resistance changes its value between
two or multiple values based on the season or the time during the day
[47]. For instance, Switchable roof insulation systems employing
rotating panels can depend on seasonal-based control, switching their R-
value between high and low depending on the season and building
location [47]. Dynamic/switchable cool roofs switch their reflectance
twice a year, transitioning between being reflective in summer and
being absorptive in winter [33,97]. Yazdani and Baneshi [97] found that
using dynamic cool roofs with seasonal control can save 0.7-45.3 %
from annual energy consumption compared to conventional cool roofs
in Iran. Despite its simplicity, this control type lacks flexibility as it
cannot respond to real-time data regarding climatic changes.

4.3.2. Rule-based control

Rule-based control can manage SISs’ adaptive behavior through
predefined logical rules based on real-time data to change their state
without complex algorithms [50], offering balanced simplicity, easy
implementation, and effectiveness. Rule-based strategies vary in their
complexity level from simplified to advanced rulesets, such as two-step
control strategies [25,47] and multi-step control strategies [50]. These
controls can be temperature-based [47], solar radiation-based, and
illuminance-based [31], etc.

Temperature-based rule-based control, for instance, utilizes tem-
perature sensors to adjust the R-value of the insulation system
[25,47,50,98] based on temperature differences in indoor and outdoor
environments, HVAC operation mode, surface temperatures, or a tem-
perature set point [47].

The control mechanism of a two-step temperature-based strategy
depends on determining the direction of heat flow within the wall
(Fig. 22), typically assessed by measuring temperatures at interior and
exterior surfaces and within the wall. In heating mode, the R-value is

b) < — Ilclzlt flow

4
’T‘illl
T
s (0]
=
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Distance into
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Exterior Interior

Fig. 22. Direction of heat flow (1) cold season and (2) hot season [50].
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Fig. 24. Variation in wall conductivity under different operation modes in cold and hot seasons [50].

lowered when the temperature gradient within the wall indicates heat
flow from the exterior to the interior, and the exterior surface temper-
ature exceeds the setpoint temperature. In cooling mode, Conversely,
the dynamic insulation material (DIM) switches to a low R-value when
the direction of heat flow is from the inside to the outside [50] (Fig. 23).

Instead of employing a binary switch between high and low
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insulation states, many systems allow for multiple levels of R-value
within a predefined range, providing finer control and potentially
maximizing energy savings. Rupp & Krarti [50] investigated five rules-
based operation modes with a thermal conductivity that varies step-
wise, developed by Park et al. [95] and Menyhart and Krarti [38].
Each mode adjusts the thermal conductivity based on specific conditions
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Fig. 25. Fabricating switchable insulation systems process.

during heating and cooling seasons (Fig. 24). The variations provide
flexibility and control over the R-value, potentially leading to energy
savings. The control mechanism successfully extends the duration while
the insulation conductivity stays at its maximum, enabling the system to
capitalize on favorable heat flow through the wall. Compared to the 2-
step operation, this control mechanism reduced the cooling energy
consumption by 1.20 % and the heating energy consumption by 1.50 %
in Golden, Colorado.

4.3.3. Genetic algorithm (GA) control system

GA optimization can enhance simulation environments by identi-
fying the most effective R-value settings for SISs to meet a specified
objective function. This optimization strategy mimics biological evolu-
tion, employing a fixed, linear data structure that prioritizes the survival
of the fittest solutions. It eliminates underperforming solutions from a
collection of potential solutions and generates a new generation. MPC
can formulate and solve multiple optimization functions, such as mini-
mizing total energy consumption or operational cost or minimizing peak
load demand [99].

Serale et al. [100] developed MPC control algorithms that use
weather forecasts to determine the optimal location of PCM, whether
oriented towards the interior or exterior relative to the insulation layer
within the wall. Meanwhile, Cui et al. [99] developed a time-varying
model predictive control (TV-MPC) to optimize mode selections of
adaptive insulation system and HVAC system operation. Results indi-
cated that setting the upper limit of the indoor air temperature to 25 °C
during the summer can lead to more than 50 % energy savings and up to
38 % cost reduction. MPC can achieve superior performance compared
to more straightforward control strategies, improving energy efficiency,
comfort, and building cost savings.

4.4. Fabrication of switchable insulation systems

Fabricating SISs involves several steps. Fig. 25 illustrates the process
of fabricating SISs, which includes designing the concept, selecting
materials, incorporating them using suitable manufacturing techniques,
and outlining control strategies and actuation mechanisms to integrate
all components of the entire system.

Stevens et al. [23] highlighted the importance of manufacturing
methods in topology morphing insulation research to assess its feasi-
bility and scalability for real-world applications. Manufacturing
methods can vary in complexity, cost-effectiveness, and compatibility
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with existing insulation manufacturing processes. They emphasized
optimizing these parameters to develop efficient and reliable insulation
solutions. Understanding manufacturing methods helps identify neces-
sary materials and resources, assess their availability and environmental
impact, and promote sustainable manufacturing techniques. This can
help reduce the carbon footprint associated with topology morphing
insulation production and encourage green building and sustainable
design.

4.4.1. System design

SISs in buildings are innovative and sustainable methods for creating
energy-efficient environments. They involve a holistic approach inte-
grating advanced design principles and technological solutions using the
latest materials, smart technologies, and strategies. The goal is to opti-
mize energy efficiency while enhancing occupant comfort and well-
being.

Planning and conceptualization are crucial to developing tailored
solutions considering building typology, climate, and user requirements.
Thorough research and analysis are necessary to understand challenges
and opportunities. Interdisciplinary teams work together to propose
solutions while addressing functional and performance requirements.

Refining design concepts and validating their feasibility is critical.
Prototyping and iterative testing are essential for optimizing perfor-
mance metrics like thermal efficiency, durability, and user-friendliness.
Researchers can assess the performance of SISs under various scenarios
and iterate on their designs accordingly. They can explore complex ge-
ometries, simulate different design scenarios, and optimize system per-
formance using emerging technologies like computational design tools
and parametric modeling.

4.4.2. Material selection and incorporation techniques

Insulation materials are produced in various forms based on their
characteristics, intended uses, and desired properties [15].
Manufacturing techniques are determined by the type of material, its
application, and desired properties. Examples include materials that can
undergo reversible shape changes, [30,57,55] switch system states from
insulative to conductive [26], or change optical properties [32]. So,
various methods are employed to create diverse types of insulation
materials with specific properties.

4.4.2.1. Traditional materials incorporation. Insulation materials in the
construction industry, primarily polymers like polystyrene and
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polyurethane foam or fibrous materials like glass wool and rock wool
[16], have negative environmental impacts due to resource consump-
tion, high energy requirements, greenhouse gas emissions, and waste
generation [17]. However, these materials are cost-effective in hotter
climates, requiring less energy to maintain interior coolness [101].

4.4.2.2. PCM incorporation. Zhang et al. [24] presented various
methods for incorporating PCM into building materials with the ad-
vantages and disadvantages of each method, making it essential to
consider each method’s specific needs and requirements. These methods
are:

e Direct incorporation involves directly adding liquid or powdered
PCM into the production process of materials like cement, gypsum,
mortar, or concrete.

Immersion involves immersing porous materials like wood board,

gypsum board, bricks, or concrete into a container filled with liquid

PCM.

e Vacuum impregnation technology follows a two-step process: Air
and water are eliminated from the porous material, which is soaked
in liquid PCM under vacuum conditions.

¢ Encapsulated PCMs come in various forms, such as tubes, spheres, or
panels, and are considered core-shell materials. There are three
primary categories of encapsulation methods: macro-encapsulation
(with a diameter or thickness of 1 mm and more), micro-
encapsulation (from 1 ym to 1 mm), and nano-encapsulation (less
than 1 pm).
Shape stabilization technology involves melting and combining
support materials like high-density polyethylene, styrene, and
butadiene with PCM at hot temperatures. The PCM is then cooled
below the glass transition temperature of the support material until it
solidifies completely. This method ensures that PCM is stable and
does not leak from the material.

4.4.2.3. 3D printing. Pessoa et al. [102] explored the application of
Additive Manufacturing (AM) in the construction sector, focusing on its
potential to improve thermal efficiency in 3D-printed buildings. They
highlighted the positive environmental impact of 3D printing, as it
generates less waste and offers a promising solution for circularity.
Fig. 26 summarizes the AM’s process categories with materials used
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[102,103]. They discussed opportunities and challenges that need to be
considered and suggested three ways to enhance the thermal perfor-
mance of building walls through 3D printing technology, including:

1. using thermal insulation materials within the internal voids of the
structural layers of the 3D-printed wall

2. simultaneously printing different layers with different extrusion
nozzles
3. altering mortar composition, reusing construction waste, bio-

insulations, and advanced insulators back into the production cycle

Jiang et al. [104] fabricated a 3D wall-cellulose structure using
partially dissolved cellulose fibers in a NaOH/urea solvent system. The
structure is lightweight, flexible, and ultra-strong, with remarkable
elasticity and shape recovery properties. Once dried, it behaves as a rigid
and strong material capable of supporting over 15,800 times its weight.
The 3D-printed cellulose honeycomb can be used as a thermal insulation
panel due to its high mechanical properties and porous structure. By
freeze-drying, a 0.6 % TEMPO-oxidized cellulose nanofibrils (CNF)
aerogel-filled honeycomb exhibited good interfacial adhesion between
CNF aerogel and honeycomb cell walls to prevent heat loss from the
honeycomb’s open pores, CNF aerogel was used to fill them. They
investigated the thermal insulating effects of the 3D printed honeycomb,
CNF aerogel, and CNF aerogel-filled honeycomb on hot and cold sur-
faces using Infrared (IR) imaging.

4.4.2.4. Encapsulation. Material encapsulation involves applying a
protective outer layer to a core material to protect its inherent properties
from external factors. This method is used, for example, as thermal en-
ergy storage and VIPs [105]. Erlbeck et al. [77] described an encapsu-
lation process used in building a switchable VIP. The process involves
creating a wooden frame covered with ethylene propylene diene
monomer (EPDM) and then filled with insulation material. The design is
flexible enough to accommodate volume changes during gas aeration
and deaeration.

4.4.2.5. Composite fabrication and lamination. Composite fabrication
and lamination involve combining different materials for insulation
properties, resulting in improved durability, flexibility, and thermal
insulation [106,107]. Laminate composites, composed of fabric sheets
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Table 6
SIS types according to their application location within the building envelope and the complexity in terms of concept and operation.
Envelope component Switchable insulation system Complexity of system Ref.
Wall Rotating panels Simple [73,29]
Removable insulation Simple [30]
Wall-integrated thermal switches. Advanced [26,28]
Vertical planar liquid—-vapor thermal diodes PLVTD Advanced [75]
Switchable vacuum insulation Advanced [771
Dynamic insulation-phase change material system. Simple [35]
Window or translucent facade Rotating panels Simple [33]
Vertically sliding panel Simple [58,74]
Removable insulation Simple [30]
Roller blind Simple [55]
Suspended particle glazing Advanced [32]
Responsive film for smart window Advanced [60]
Optically switchable thermally insulating vo2-aerogel hybrid film Advanced [61]
Roof or slabs Rotating panels Simple [37]
Horizontal planar liquid-vapor thermal diodes PLVTD Advanced [56]
Switchable vacuum insulation Advanced [771

embedded in a polymer matrix, offer advantages over traditional ma-
terials like increased stiffness, strength, mechanical damping, tough-
ness, and resistance to corrosion and chemicals. The production process
depends on matrix properties, reinforcement properties, item design,
and intended purpose [108]. Composite laminates also enable the use of
waste materials like buffing dust from the leather tanning industry and
agricultural wastes, leading to resource recovery and reduced environ-
mental pollution [109,110].

There are two primary categories of thermal insulation composite
materials:

e Particle composites, which consist of a matrix or binder, usually a
polymer, hold a dispersion of filler particles such as aerogels chosen
for their low thermal conductivity [111]. The binder provides
structural integrity and prevents moisture ingress [112].

e Fiber-reinforced composites, which are made up of a matrix, often a
ceramic or polymer reinforced with fibers such as carbon, improve
the composite’s stiffness and strength while still providing thermal
insulation [113,114].

Composite fabrication techniques for thermal insulation materials
may vary depending on the materials used. Some of the commonly used
methods are mixing [115], spraying [116], lay-up [117], and moldings
like compression molding, vacuum infusion, injection molding, and
more advanced methods like resin transfer molding (RTM), autoclave
molding, filament winding and pultrusion [118].

4.4.3. Control strategies and actuation

Control algorithms play a significant role in managing the thermal
characteristics of SISs by identifying the switching point between insu-
lation states by employing control logic, optimization approaches, and
real-time data to modify the insulation system’s configurations. This
process is performed by first monitoring interior and outdoor conditions
and environmental factors, using sensors that provide controllers with
required data. Secondly, the selected control strategy alters the insu-
lation system configuration to the required adaptation. Thirdly, Actua-
tors’ dynamic response enables efficient thermal and energy
management through heat transfer control. Actuation is significantly
influenced by factors, including the needed adaptation actions, the level
of complexity in movement, and the properties of used materials like
dimensions and weight, considering durability and actuators’ energy
consumption. Fabrication involves incorporating sensors, actuators and
controls into insulating panels or structural components.
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5. Applicability of SIS to hot-climate developing regions

Developing countries in hot climates face energy efficiency, thermal
comfort, and environmental impact challenges [119], making sustain-
able building practices crucial. SISs have shown promise in addressing
these issues. However, successful implementation requires understand-
ing the factors influencing adoption and effective resource utilization
strategies. Future research can improve the adaptability and effective-
ness of SISs in various environmental contexts to enhance SIS applica-
bility in different climates. The focus should be on operational
simplicity, cost-effectiveness, and sustainability potential.

5.1. Factors affecting adopting SIS in hot-climate developing regions

Adopting SIS in developing countries is influenced by multidimen-
sional factors, including [120,121]:

e The motivation to adopt these technologies, which is driven by fac-
tors such as energy efficiency, cost savings, and environmental
benefits.

Adaptability to local Climatic conditions, which influence the
effectiveness of switchable insulation by developing climate-specific
materials and optimizing the thermal mass of systems to adapt to
those regions’ daily and seasonal temperature changes.

Material and technology accessibility, that is locally available or
easily transportable to minimize costs, facilitate maintenance, be
sustainable, and have a low environmental impact.

e Cost considerations to achieve affordability, by using low-cost
innovative materials and installation techniques, exploring new
materials that are more cost-effective, and developing better instal-
lation methods. For instance, incorporating simpler-to-install mate-
rials such as prefabricated panels. Depending on local manufacturing
can help bring down costs. Considering the initial cost when aiming
for broader adoption in developing economies, despite the potential
for long-term savings, makes it a worthy application.

Potential limitations, like durability, maintenance, or compatibility
with existing building systems, that hold back long-term use due to
high maintenance costs or advanced technology.

Addressing these factors is essential to offer wider acceptance and
use of switchable insulation systems in hot-climate developing
countries.

To enhance the applicability and adaptability of switchable
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Table 7

Examples of available local material in developing countries [3,16,79]. Green =
best performance — A < 0.05 [W/(m-K)], orange = intermediate performance —
0.05 [W/(m-K)] < A < 0.08 [W/(m-K)], red = poor performance — A > 0.08 [W/

(m-K)].
Material Examples Thermal Density Specific
category conductivity heat
[W/mK)] [Kg/m*! [KJ/kg k]
Bio-based Rice husk 0.048-0.08 130-170 -
materials  Sugarcane 0.049-0.055 250-350 1.3-1.5
bagasse
Straw boards 0.038-0.067 50-150 0.6
Coconut Fiber 0.040-0.045 75-125 1.3-1.6
Hemp fibers 0.039-0.123 25-100 1.7-1.8
Date piths 0.042-0.086 174-664 2.6
Reed 0.045-0.056 130-190 1.2
Sheep wool 0.038-0.043 10-25 1.3-1.7
Recyclable Waste glass 0.031 450 0.83
materials  Fly ash 0.040 290-315 0.04-0.56
Recycled PET 0.034-0.039 15-60 1.2
Shredded tires 0.1663 313 -
Waste paper 0.036-0.061 170-646 -
advanced Nanomaterials 0.004-0.015 230 1
materials ~ Vacuum 0.0035-0.008 160-230 0.8
insulation panels
(VIPs)
Aerogel 0.013-0.022 70-180 1
Composite Cellulose- 0.032-0.0355  245-275 -
materials reinforced silica
aerogel
nanocomposites
[165]
Cardboard waste 0.072-0.10 278.6-343.8 1.254-1.807
mixed with
vegetable fibers
[166]

insulation systems across hot climates, several key areas of research and
development should be taken into consideration:

Factors such as switching and response mechanisms, building ty-
pology, climate, and user requirements should be considered to
determine the most appropriate systems for a building. Additionally,
it is crucial to identify the building envelope’s effective element that
needs improvement in its insulation system, as it significantly im-
pacts thermal comfort and energy consumption.

optimizing thermal mass integration to enhance heat storage and
release involves designing insulation systems that incorporate ma-
terials with high thermal mass [122], such as concrete [123], water
[31,75], and PCMs [35] to absorb and release heat more efficiently.
The design must also consider factors such as the building’s orien-
tation, insulation location, and shape to ensure optimal performance
[124].

choosing or developing materials specific to the climate and suitable
properties, considering that materials should have a minimal envi-
ronmental footprint. This involves exploring diverse materials to
determine their suitability for different climatic conditions,
including thermal conductivity, hygroscopic, acoustic, and fire
retardancy properties, life cycle cost, and environmental impact
[16]. Using materials with high reflectivity and low thermal con-
ductivity is essential for reducing indoor overheating [125]. High
reflectivity and low emissivity efficiently bounce back solar radiation
to reduce the amount of heat absorbed [126]. Moreover, low thermal
conductivity minimizes heat transfer. Additionally, insulation
thickness significantly influences a building’s thermal performance
[127].

developing control strategies tailored to building needs in different
climatic contexts, optimizing the algorithms that dictate when and
how the insulation system switches between its various modes
[50,128,129] to achieve goals like energy savings [25,47,59], peak
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Table 8

A matrix of integration potentials between SISs and examples of available materials options in developing countries.
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demand reduction [26], and performance improvement of precool-
ing strategies [27,130].

5.2. Development strategies

Exploring SIS types and concepts can help us understand how simple
systems can ensure their components’ maintenance, durability, cost, and
availability. In Table 6, these types are categorized according to their
application location within the building envelope and the complexity of
the concept and operation. Some more straightforward examples of SISs
include rotating panels, removable insulation, vertically sliding panels,
roller blinds, and dynamic insulation-phase change material systems. On
the other hand, more complex systems such as PLVTD, switchable vac-
uum insulation, and smart glazing rely on technologies such as sus-
pended particle glazing, responsive film for smart windows, and
optically switchable thermally insulating VO2-aerogel hybrid film.

Using Local Materials to develop switchable insulation systems offers
several advantages, particularly in hot-climate developing countries
where resources may be limited, and affordability is a significant
concern. Various material options, available according to previous
research conducted in that region, are proposed to address this issue.

e One approach is to use locally available materials such as bio-based
materials like Agricultural By-products or residues [131] such as rice
hulks [132,133], sugarcane bagasse [134,135], straw boards in
Egypt [136], coconut husk in Malaysia [137,138], hemp fibers
[139], date pits In Qatar and UAE [140,141], reed in Portugal [142]
and pineapple by-product coming from the Mexican food industry
[143]. Animal-based materials like sheep wool [92] are promising
for using as bio-based materials. Earthen materials can be a suitable
option, offering significant thermal mass and helping regulate indoor
temperatures [144]. Thermal conductivity is typically the main focus
of this material’s investigated characterization. However, most
research overlooks other crucial aspects of these materials, like their
material certification, lifetime, thermal capacity, mechanical prop-
erties, and property degradation. Mechanical performance is signif-
icantly impacted by ancillary materials like binders and additives
[101]. Furthermore, the shortcomings of bio-based insulation ma-
terials in buildings can be addressed by combining different types of
biomaterials for insulation [145,146]. These limitations should be
taken into consideration while using this approach.

e Another option is to promote the use of sustainable and recyclable
materials like recycled waste glass [147], fly ash [148], plastic waste

The adoption

Development

factors options

* Thermal » The motivations » Appropriate
comfort to adopt these systems and

* Energy savings technologies concepts

 Environmental * The capability » Material
impact of system it self advancements

» Cost * Potential defects * Optimizing
consideration or limitations thermal mass

Eco-friendly
material and
techniques
availability
Cost
considerations
to achieve
affordability
Climatic
conditions

* Technological
and market
advancements
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[149], sawdust [150], shredded used automobile tires [151], and
waste paper [152]. However, using recyclable materials can enhance
the circular economy [153], developing countries still have low
recycling rates that need more attention to be more effective in an
efficient circular economy. In low- and middle-income developing
countries, the informal recycling sector (IRS) achieves 20-30 %
recycling rates, reducing collection and disposal costs. The IRS plays
a vital role in the value chain by reprocessing waste into secondary
raw materials [154,155]. Developing countries in North Africa and
the Middle East have a low rate of waste recovery (15 %) compared
with developed countries (90 %) [156]. India has a complex scenario
with a large IRS contributing to waste reuse and recycling, resulting
in recycling rates of around 15 % at source and collection sites, while
over 30 % of waste remains uncollected, with up to 70 % being
dumped without control [157]. In La Paz, Bolivia, 56.1-71.1 % of
inert aggregates from construction and demolition waste can be
recycled [153].

More advanced innovative materials that could be integrated into SISs
might involve PCMs [158,159,160,161], nanomaterials such as
Nanogel®Aerogel insulating material [162,163] and Nano-gel glass
[164], and vacuum insulation panels (VIPs) [162]. Moreover, com-
posite_materials like cellulose-reinforced silica aerogel nano-
composites made of aerogel and straw composites [165], and
cardboard waste mixed with vegetable fibers [166] have also been
developed for eco-friendly insulation materials in developing coun-
tries, opening new opportunities to create more efficient ones. These
materials and solutions enable cost-effective, eco-friendly, and sus-
tainable manufacturing of SISs. They enhance thermal performance
while contributing to environmental sustainability.

Several reviews presented characteristics of the previously
mentioned available local materials in developing countries [3,16,79],
as summarized in Table 7. It highlights that VIPs, nanomaterials, aero-
gel, waste glass, cellulose-reinforced silica aerogel nanocomposites,
recycled PET, fly ash, sheep wool, and coconut fiber have the best per-
formance, ranked in descending order of performance.

By analyzing previously mentioned SISs and examples of available
materials options in developing countries, Table 8 presents a matrix
showcasing integrations categorized into four areas, ranging from light
green to darker shades, where lighter shades signify more effective in-
tegrations and darker shades denote less effective ones. Integrating all
material options can be more effective with simple systems, which
mostly can be applied to walls and roofs, than with advanced ones,

Material Technological

advancements

System
evaluation

and market
advancements

* Local materials * Modular and * Energy saving
sourcing prefabricated * Thermal

* Bio-based systems performance
materials * Local e Cost

* Sustainable and manufacturing * environmental
recyclable * 3D printing economics
materials technology * Environmental

* Adaptation of * Encapsulation impact
existing » Composite * Durability
materials fabrication

* By-products

» affordable
innovative
materials

* Materials
compositions

Fig. 27. The applicability framework for hot-climate developing regions.
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which depend on innovative material compositions and more compli-
cated mechanical movement. Particularly, the integration of high-
performance materials is denoted by a red X. Taking affordability into
account, integrating waste glass, recycled PET, fly ash, sheep wool, and
coconut fiber into simple SISs (rotating panels, removable insulation,
vertically sliding panel, Dynamic insulation-PCM system, and Roller
blind) can offer a cost-effective and environmentally friendly SIS.

Technological advancements are vital in enhancing the applicability
of affordable SISs. They can reduce costs and improve their sustain-
ability for developing countries. Various strategies and solutions have
been proposed to address this issue.

e Moderate control technology plays a vital role in determining the
applicability of SISs depending on their level of complexity and so-
phistication. Rule-based control can be valuable in developing an
affordable system, particularly where complexity is unnecessary or
computational resources are limited.

e Modular and Prefabricated Systems allow for mass production of
switchable insulation panels or coatings. These systems are easy to
assemble and install, reducing labor costs and construction time.
They can be customized to suit various building types and designs,
making them compatible with existing structures and retrofit
projects.

e Local Manufacturing can boost economic growth, reduce their reli-
ance on imports, and reduce costs by encouraging the establishment
of local manufacturing facilities for key components of SISs. Coun-
tries can reduce import dependence and strengthen their industrial
base by investing in local production.

e 3D printing technology allows customization of insulation components
to meet specific building design needs, increasing energy efficiency
and thermal performance. It also reduces waste during
manufacturing by providing precise material control, contributing to
resource conservation.

e Encapsulation and composite fabrication combine different materials to
create insulation solutions with improved thermal insulation prop-
erties, flexibility, and durability. Composite materials can provide
cost-effective and environmentally friendly alternatives to synthetic
insulation using plant-based materials, agricultural and industrial
by-products, and locally sourced resources.

Exploring appropriate SIS and incorporating technological ad-
vancements with locally available materials can help develop adaptive
insulation systems designed to address specific challenges and re-
quirements of hot-climate developing nations. Such strategies promote
affordability, sustainability, and resilience in building construction,
enhancing thermal comfort and energy efficiency in the built
environment.

5.3. The applicability framework for developing an affordable, eco-
friendly switchable insulation

Based on the abovementioned data analysis and literature review,
the framework for adopting SISs in hot-climate developing countries is
shown in Fig. 27. The framework shows issues, the adoption factors,
development options, material advancements, technological and market
advancements, and system evaluation to promote this concept locally.

6. Conclusion

Switchable insulation systems (SISs) are climate-adaptive building
technologies that alter their thermal properties in response to environ-
mental changes, leading to significant energy savings compared to static
insulation. This paper presents a comprehensive review of SISs across
three stages: a statistical analysis of existing literature, a systematic
discussion of various SIS technologies, and an exploration of the
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feasibility of developing affordable, eco-friendly SISs for hot climate
regions.

Key findings highlight the potential of SISs to enhance energy effi-
ciency and thermal comfort in sustainable building envelopes. However,
there is a notable gap in addressing SISs in developing countries,
particularly in hot climates, necessitating further research to optimize
these systems, reduce costs, and encourage widespread adoption. The
study identifies essential factors for SIS implementation, including cli-
matic adaptability, local material availability, cost, and technical
advancement for installation and maintenance. The most significant
development approach that has the potential to be followed to
encourage SIS adoption in hot-climate developing countries includes
integrating waste glass, recycled PET, fly ash, sheep wool, and coconut
fiber into simple SISs (rotating panels, removable insulation, vertically
sliding panel, insulation-PCM system, and Roller blind) to provide a low
cost and environmentally friendly SIS, considering optimizing thermal
mass and technological and market potentials (e.g., modular and pre-
fabricated systems, local manufacturing, 3D printing technology,
encapsulation, and composite fabrication) addressing energy saving,
thermal performance, cost affordability, environmental impact, and
durability.

In future work, it is recommended to focus on developing friendly
environmental materials integrated within newly developed systems
that align with the required adaptation needs in hot climate regions to
enhance sustainability practices in developing countries, taking into
consideration their long-term performance and resistance to environ-
mental degradation. This will ensure that these materials can be reliably
used in SIS systems, providing both sustainability and durability in
building applications. Additionally, it is suggested to develop an opti-
mization technique with low-cost and limited technologies. Further-
more, studying the sustainability performance of the new systems and
investigating their effectiveness in the new context will influence
advancing the adoption of SISs in developing countries.
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Table A1
Switchable Insulation Systems’ articles focus on new concepts and systems.
Ref.  Type Mech. Response Research Simulation Element Prototype Location Applied Time Control Topology  Actuation  Material Performance  Solution
Adjustability mechanism method approach type/ scale building interval type of enhancement approach
location type movement
55 roller blind dynamic Thermal simulation, IDA ICE windows real scale Dublin, Irland testroom 1h real-time  roller “Nima 23" foldable al5.3% A thermally
insulation responsive experimental  software stepper insulation energy savings insulated roller
panels systems motor, material anda7 % blind made of
“Arduino” reduction in foldable
controller occupancy material was
and motor daylight mounted inside
driver, discomfort the
sensor (real- compared with windowpane.
time) no blind. It uses a
stepper motor,
“ controller,
and motor
driver. Side
channels keep
the blind close
to the glass,
while a top
cover
minimizes air
leaks.

26 wall-integrated  movable Thermal experimental, EnergyPlus, opaque bench- US, Los residential 60 min  real-time  sliding DC motor, insulation: off- areduction of usinga
solid-state mechanical responsive simulation COSMOL wall scale Angeles, sensors, the-shelf energy concrete wall
thermal parts systems prototype  California thermistors  materials, core: consumption in as thermal
switches (real-time) Concrete as HVACby 3%  mass

thermal storage to 39 %, sandwiched

resulting in an  between two

estimated cost  solid-state

saving of $135 thermal

to $315. switches
(STSs). These
STSs change
their thermal
conductivity
via an on/off
metal switch to
create/break a
thermal
bridge.

56 Horizontal adjustable Thermal Theoretical —_— ceiling alabscale Northern _ day and —— changing condenser isothermal plates ——— thermal diodes
planar Liquid- fluid flow responsive and of alarge- Ireland, UK night phase and (stainless steel) &

Vapour Thermal system systems experimental scale between evaporator  external isolation
Diodes (PLVTD) prototype fluid and (serpentine
vapor heat
exchangers)
30 removable dynamic parts  for theoretical, EnergyPlus & walls, lab scale Central Europe office 24h simple roller motor to metalized PET Switchable A series of air-
insulation windows.: simulation, Energy windows and roll films films, Plexiglas® insulation filled cavities
thermal, experimental ~ Management advanced layers, reduces separated by
optical System (EMS) control demands by 30 opaque films
responsive strategy %. Reduce can be rolled
system. For frame or edge  up/down
walls: losses for better between two
thermal performance. fixed layers,
responsive thus switching
system the thermal
and optical
properties

(continued on next page)
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Table A1 (continued)

Ref. Type

Mech.
Adjustability

Response
mechanism

Research
method

Simulation
approach

Element
type/
location

Prototype Location

scale

Control
type

Time
interval

Applied
building
type

Topology  Actuation
of

movement

Material

Performance
enhancement

Solution
approach

57 multifunctional
insulation

58,74 switchable

insulation

28 switchable
insulation

29 rotating
switchable
insulation

shapeshifting
(may be
adjustable
properties)

dynamic
insulation
panels

dynamic
mechanical
parts

dynamic
panels

thermal
responsive
systems

Thermal
responsive
systems

Thermal
responsive
systems

numerical

simulation,
experimental

numerical,
experimental

experimental,
numerical

TRNSYS

COSMOL

FLUENT

wall

translucent
facade

wall

wall

Us

lab scale Ludwigshafen,

Germany.

lab scale Us

lab scale us

residential

office biannual

residential day and ——

night

filling
polymers
with air

moving
vertically

movable
blates with
shape-
changing

rotating DC voltage

actuator

thin polymer
membranes

Basotect

Aluminum plates,
shape memory
alloy

polyisocyanurate
foam insulation

annual energy
savings of 9 %—
55 % (heating)
and 17 %-76 %
(air
conditioning),
depending on
the climate
zone.

reduction of
over 50 % of
the wall R-
value when the
insulation
layers no
longer overlap

from a
thermally
insulating state
to a conducting
state.

The wall has
layers of air
with
membranes
that reduce
thermal
convection.
Heat transfers
through the air
layers via
convection and
radiation. The
remaining
resistance is
due to
conduction
through the
layers and
membranes.
The convection
around a
translucent
insulation
panel can be
controlled by
moving this
panel
vertically
within the
double-glazing
unit.

Device
structure: The
bridge plate
connects two
TIM rectangles
in the “on”
state and
separates them
in the “off”
state.

The dynamic
insulation
system
comprises
rotating layers
that vary the R-
value of a wall
cavity between
high and low
levels
depending on

(continued on next page)

‘D 32 YIS Y

LSLYIT ($20T) €z€ sduppng 3 [Ssoug



9C

Table A1 (continued)

Ref. Type Mech. Response Research Simulation Element Prototype Location Applied Time Control Topology  Actuation  Material Performance  Solution
Adjustability mechanism method approach type/ scale building interval type of enhancement approach
location type movement

its rotation
angle. An
actuator is
used to control
the position of
the insulation
layers based on
a set of control
strategies to
achieve the
desired R-
value.

32 suspended dynamic parts thermal for  experimental ~——— windows lab scale Dublin, Irfland —— hourly E— optical power polyhalide SPD glazing in  SPD glazing
particle device the properties  switch particles both “opaque allows light to
switchable application changes connected (0)” and pass through.
glazing (window), to a power “transparent The switching

electrical for supply (T)” conditions  voltage is

the concept limits the proportionate
temperature to the glazing
rise. The SPD area and
transmission typically varies
in” T” and “O”  between
is55%and 5 20-110 V.
%, respectively Transmission
(double glazing range of SPD in
was 78 %). visible

wavelength

varies from
usually 20-60
%, 10-50 %,
and 0.1-10 %,
for the
“opaque and
transparent”
states while
switching
speed varies
between
100-200 m s
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Table A2
Switchable Insulation Systems’ articles focus on materials.

Ref. Type

Mech.
Adjustability

Response
mechanism

Research
method

Simulation
approach

Element
type/
location

Prototype
scale

Location

Applied
building
type

Time
interval

Control
type

Topology  Actuation
of
movement

Material

Performance
enhancement

Solution
approach

35

60

62

dynamic
insulation-phase
change material
system.

responsive film
for smart
window

numerous
applications, one
of them being
switchable
vacuum
insulation

Adjustable
properties
systems

Adjustable
properties
systems

Adjustable
properties
systems

Thermal
responsive
systems

Thermal,
electrical
responsive
systems

Thermal
responsive
systems

Theoretical,
numerical,
simulation,
and
experimental
for validation

experimental

numerical

COSMOL

hollow
wall

window

wall

lab scale

lab scale

China

China

Germany

phase
changing

optical e
properties

changes

gas —_—
pressure
differences

wallboard,
brick, PCM

CsxWO3
nanocrystals
into the
organic PDLC
system.

Precipitated
silica, silica
gel, and glass
spheres

The PCM layer is
surrounded by air
on both sides to
enhance the heat
transfer of
airflow. The PCM
area is reduced,
and two airstrips
are created at the
top and bottom.
A forced
turbulent PCM
module is
established by
introducing an
electric fan,
which can
increase the
airflow
magnitude and
precisely control
the airflow.

The as-made cell
can adjust the
transmission of
solar light to the
temperature of
the electric field.
The transparent
state obtained in
an electric field’s
presence can
satisfy the
illumination
demand. The
transparent state
due to the phase
transition of the
liquid crystal can
act as a reminder
of high
temperatures,
and people can
actively lower
their room
temperature on
hot days.
Vacuum
Insulation Panels
primarily use
fumed silica as
the core material,
which is quite

(continued on next page)
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Table A2 (continued)

Ref. Type

Mech.

Response Research

Adjustability mechanism method

Simulation
approach

Element
type/
location

Location Applied
building
type

Time Control Topology
interval type of
movement

Prototype
scale

Actuation

Material

Performance
enhancement

Solution
approach

61  Optically
switchable
thermally
insulating VO,-
aerogel hybrid
film
(thermochromic
film)

77  Switchable
vacuum
insulation panel

adjustable
properties
systems

adjustable
properties
systems

Thermal theoretical
responsive

systems

Theoretical,
experimental,
and numerical

Thermal
responsive
systems

MATLAB

window

hourly —— optical
properties

changes

Norway

Lab scale e e gas
pressure

differences

pressure
sensor,
computer,
vacuum
pump, the
storage of
the gas,
compressor

VO2-aerogel

core materials
(silica powder,
silica
agglomerates,
silica gel),
filling gases
(air, nitrogen
helium)

Silica gel and
helium as
filling gas
yielded the
best results
with high heat
conductivity
difference
between
evacuated and
aerated
conditions.

expensive. To cut
off costs, cheaper
filler materials or
waste materials
can be added to
the fumed silica.
Additionally,
alternative
materials such as
foams or fibers
may also be used.
Precipitated
silica, for
instance, is a
cheaper core
material that
could be a viable
alternative.

By embedding
insulator—metal
phase transition
vanadium
dioxide (VO2)
nanoparticles
inside an
ultralow thermal
conductivity
aerogel film
Switching VIPs
using filling gas
to alter their
state. The best
alternative was
tested for
different core
materials and
filing gas
combinations.
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Table A3

Switchable Insulation Systems’ articles focus on control strategies.

Ref. Type

Mech.
Adjustability

Response

mechanism

Research
method

Element

type/
location

Simulation
approach

Prototype  Location

scale

Applied
building
type

Time

interval

Control type

Topology
of
movement

Actuation

Material

Performance
enhancement

59 rotating
switchable
insulation

25 rotating
switchable
insulation

47 rotating
switchable
insulation

dynamic
insulation
panels

dynamic
insulation
panels

dynamic
insulation
panels

thermal,
optical
responsive
system.

Thermal
responsive
systems

Thermal
responsive
systems

simulation

simulation

simulation

MATLAB smart

windows

roof or
attic

EnergyPlus,  attic
EMS,

MATLAB

Golden,
Co, Us

us

us

residential

residential

residential

hour

seasonal

hour

GA algorithms

2-step
temperature
rule-based
control, GA-
based optimal
controls

2-step time
scheduled
controls, step
temperature-
based
controls,
genetic
algorithm
(GA)
optimization
technique

rotating

rotating

monolithic
silica aerogels
(MSA) with
high
transmittance
properties for
both light and
solar radiation

that optimized
controls of STISs
can save up to
81.8 % in daily
thermal loads
compared to the
simplified rule-
set, especially in
hot climates like
Phoenix, AZ.
optimally
controlled STISs
can reduce
electrical peak
demand by up to
49.8 % compared
to the simplified
rule-set.
GA-based optimal
controls save
between 3 % and
9 % in cooling
energy end-use
and 1 % to 18 %
in peak cooling
demand
compared to 2-
step rule sets,
with monthly
savings reaching
up to 32 % in
Golden,
residential
buildings.
Controls based on
mean air and
sol-air
temperatures can
save 8 % to 43 %
in cooling energy
for all US
climates. Optimal
controls for attic
dynamic
insulation
systems can
achieve up to 40
% additional
savings in cooling
energy compared
to simplified
controls

(continued on next page)
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Table A3 (continued)

‘D 32 YIS Y

Ref. Type Mech. Response Research Simulation Element Prototype Location  Applied Time Control type  Topology Actuation Material Performance
Adjustability mechanism method approach type/ scale building interval of enhancement
location type movement
50 Dynamic Adjustable Thermal simulation EnergyPlus wall _ Golden, residential  ___ temperature 2-  gas fill _ static Variable thermal
insulation properties responsive Colorado, step control & insulation resistance
material systems systems USA multi-step assemblies (e. envelope
control g., XPS, VIPs, materials (RSI-
GIPs), 0.5/RSI-2.5) can

cut cooling
energy use by
15-39 % in US
homes, regardless
of the climate.
Mild US climates
can also lower
annual heating
energy use by up
to 10 %,
depending on
window size and
indoor heat.
218,219 Multiple Multiple theoretical,  EnergyPlus envelope ___ UK, China office MPC Multiple yearly energy
options options simulation options savings and
thermal comfort

improvements of
up to 50 % could
be achieved by
adaptive
insulation
compared to an
equivalent astatic

insulation
alternative.
130 rotating dynamic Thermal simulation EnergyPlus,  roof _ us commercial ___ Hyperid rotating _ _ optimal controls
switchable  insulation responsive MATLAB control reduce total
insulation panels systems energy use by up

to 19 % and
electrical peak
demand by up to
34 %.
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Table A4

Switchable Insulation Systems’ articles focus on building applications.

Ref. Type

Mech.
Adjustability

Research
method

Response
mechanism

Element

type/
location

Simulation
approach

Prototype

scale

Location

Time
interval

Applied
building
type

Control type Topology
of

movement

Actuation

Material

Performance
enhancement

37 rotating
switchable
insulation

98 rotating
switchable
insulation

1€

167  rotating
switchable
insulation

75 Vertical
Planar
Liquid-
Vapour
Thermal
Diodes
(PLVTD)

dynamic
insulation
panels

dynamic
insulation
panels

dynamic
insulation
panels

adjustable
fluid flow
system

Thermal numerical

responsive modeling

systems and
simulation

Thermal simulation
responsive

systems

thermal, simulation
optical
responsive

system.

Thermal
responsive
systems

theoretical,
experimental

MATLAB and slab

EnergyPlus

EnergyPlus attic

MATLAB (for exterior
modeling),
EnergyPlus (for

validation)

wall and
windows

wall

a lab scale
of a large-
scale
prototype
PLVTD

us

us

European
countries,
including
Belgium

and Spain

Northern
Ireland,
UK

residential

residential

residential seasonal

day and
night

rotating

2-Step
temperature-
based
controls

simple 2-step
rule sets (for
win)

rotating

changing
phase
between
fluid and
vapor

not

mentioned,
just high
and low R-

value

slab-integrated
dynamic
insulation can
reduce heating
energy by 10 %
and cooling
energy by 39 %,
and total heating,
ventilating, and
air conditioning
end-use by up to
12 %, especially
for houses
located in cold
climates

the potential
energy savings
achieved by attic-
integrated SIS
insulation retrofit
vary widely by
climate ranging
from 14 kWh/m2
to 51 kWh/m2
the annual
energy cost
savings when
replacing the
existing
insulation with
attic-integrated
SIS range from
$0.05/m2 to
$1.57/m2
depending on the
climate
SIS-integrated
windows can
save up to 44 %
of heating energy
end-use and
eliminate
mechanical
cooling for all
types of
dwellings in
Belgium.

(continued on next page)

0 3 yops 'y

LSLYIT ($20T) €z€ sduppng 3 [Ssoug



[43

Table A4 (continued)

Ref. Type

Mech.
Adjustability

Response
mechanism

Research
method

Simulation
approach

Element
type/
location

Prototype
scale

Location

Applied
building
type

Time
interval

Control type

Topology
of
movement

Actuation

Material

Performance
enhancement

27 rotating
switchable
insulation

168 rotating
switchable
insulation

33 rotating
switchable
insulation

34 rotating
switchable
insulation

81 rotating
switchable
insulation

dynamic
insulation
panels &
thermal
storage

dynamic
insulation
panels

dynamic
insulation
panels

dynamic
insulation
panels

dynamic
insulation
panels

Thermal
responsive
systems

Thermal
responsive
systems

thermal,
optical
responsive
system.

Thermal
responsive
systems

thermal,
optical
responsive
system.

simulation

simulation

simulation

simulation

simulation

Energyplusand
EMS

MATLAB,
EnergyPlus

EnergyPlus,

EMS

EnergyPlus

MATLAB,
EnergyPlus

roof, wall

wall

wall, roof,
windows,
opaque and
translucent

roof/
ceiling

exterior
wall and
windows

us

Belgium,
UN

Uus

us

France

commercial

residential

office

residential

residential

15 min

seasonal,

60-min
and 15-
min

15 min

temperature-
based control
&
optimisation
strategies

simple 2-step
rule-based
control

two-step
control
strategy

2-step control

rotating

rotating

rotating

rotating

manual &
automatic

A layer of
bricks or
concrete
with high
thermal
mass

mineral
wool

SIS saves annual
heating and
cooling energy
end-uses
reaching up to
65 % and 25 %,
respectively

The estimated
potential energy
savings range
from 1.1 % to 3.7
% for space
heating and 53.1
% to 98.7 % for
cooling,
depending on the
dwelling type
and location.
Advanced Energy
Technologies
(AETs) use in
cold climates
leads to the
highest cooling
energy savings
(72 % and 70 %),
followed by EL
Paso and Tucson.
However, in hot
climates, AETs
can achieve
higher absolute
savings (50,011
kWh) and reduce
building
electrical peak
demand by up to
37 %.

The deployment
of 2-step control
strategies
operating SISs
can reduce
annual energy
use by up to 44 %
for space cooling
and up to 17 %
for space heating.
63 % of annual
energy savings
associated to
heating and
cooling for a
detached house
and 82 % for an
apartment unit.
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