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Abstract

The building sector is rated as a big consumer of electric energy and emissions, responsible
for about 40% of final electric energy consumption. As a result, the Paris Agreement 2015
set a goal for buildings and the construction sector to reach a nearly zero-carbon stage by
2050. This urged most countries to create regulations for the construction sector and invest
in energy efficiency programs. The present paper aims to present an updated review of
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building energy-saving solutions and techniques to contribute to carbon emission mitigation
in the building sector. The high energy consumption of a building is mainly due to heating
and cooling, which is directly related to the thermal properties of the materials used.
Natural ventilation and illumination are other aspects that contribute to the high energy
consumption. Considering these issues, the review covers energy-efficient construction
materials such as mortars, concrete with PCM, new construction materials with PCM such as
3d printing concrete and geopolymer concrete, and bricks usually used in buildings. Also, the
review covers the methods and solutions for energy saving for building heating and cooling.
Since transparent windows and fagades are essential for structures, their thermal and visual
performance is crucial. Established and under-development techniques for windows and
facades are presented and discussed. Walls and roofs are usually rated at the top of the
weak barriers against a building's heat losses and energy gains. The present paper reviews
existing and still under research and development techniques to improve the thermal
performance of walls and roofs, such as cool roof and cool walls, walls and roofs with phase
change materials (PCM), and ventilated walls and ceilings.Some authors’ comments are
presented at the end of each topic. Some possible opportunities for future research and
developments are also presented.

Keywords

Sustainable buildings; energy efficient construction materials; thermally efficient windows
and facades; energy-efficient walls and roofs; buildings heating and cooling strategies;
thermal and visual comfort

1. Introduction

With the continuous increase in the world population, the enhanced industrial developments
and general improvements in living conditions, increased energy demands and emissions which
threaten the planet's sustainability. This is basically because the dominant global energy resources
are still fossil-based, achieving 82%, as can be seen in Figure 1 based on data from IEA, 2022 [1].
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Figure 1 Primary world energy consumption in 2022, adapted from [1].
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The world energy consumption in 2019 shows the sector involving residential, commercial and
public service as the most significant consumer, accounting for 33% as in Figure 2, [1]. This is
mainly due to the inefficiency of these sectors in using available energy and excessive use of
cooling and heating systems, artificial lighting, and poor thermal performance of the sector.
According to [1] the residential sector was a big significant participant in the world electricity
consumption in 2019, as shown in Figure 3.
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Figure 2 World energy balance by sector in 2019, adapted from [1].
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Figure 3 The world electricity consumption by sector in 2019, adapted from [1].

According to [2] the evolution of electricity use by the different sectors from 1974 to 2019 from
which Figure 4 is adapted. The results show an ascending consumption rate with time, which is
serious and requires global actions to reduce consumption and increase energy efficiency
utilization besides increasing the share of renewable energy resources in the global energy matrix.
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Figure 4 Evolution of electricity consumption of the different sectors, adapted from [2].

This situation alerted the world population to urgently change these tendencies and save the
planet before it is too late. With the continuous and current evidence of the ambient response to
these aggressions, worldwide efforts were concentrated on seeking renewable energy sources to
replace fossil fuels, reduce energy demands, and increase used energy efficiency in all sectors. One
of these high energy-consuming sectors is the building sector which was positioned as a target for
future improvement of final energy use.

The Paris Agreement in 2015 set a goal for buildings and the construction sector to reach a
nearly zero-carbon stage by 2050. Consequently, countries have created regulations for the
construction sector and energy consumption in buildings, and investments in energy efficiency in
facilities have increased since 2015, driving the development of new technologies for the industry,
UNEP [1]. The energy consumption of the building sector is significantly high. Globally, buildings
are responsible for about 45% of energy consumption and 40% of atmospheric emissions. To
alleviate this situation, new design philosophies should be implemented together with
investments in research and development of new materials and energy-efficient components for
new building projects. Since the consumption and emissions of existing buildings are huge and
must be limited to be able to meet the requirement by 2050, it is imperative to have updating
plans for existing buildings and make them more energy-efficient and economically sustainable by
implementing adequate public policies and financial and tax incentives.

The energy consumption for heating and cooling buildings is directly related to the thermal
performance of the materials used to construct walls, roofs, windows, and doors. Global data from
the United Nations Environment Program, UNEP [1] shows that energy consumption to meet
heating and cooling demands accounts for approximately 40% of the final energy consumption of
buildings. The rest is used for water heating, lighting, cooking, and operating appliances, as shown
in Figure 5.
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Figure 5 Global data on final energy consumption in buildings, [3].

Building envelopes consist of different structural and functional components, such as windows,
walls, floors, and roofs; each contributes to energy efficiency. Different technologies could be
considered to improve building energy performance.

The thermal properties of the construction materials such as mortars, concrete, and bricks can
be significantly upgraded by adding new materials to improve their thermal qualities and make
them adequate to achieve the required energy reductions and thermal comfort for the occupants.
New construction materials with PCM 3D printing concrete and Geopolymer concrete can be
further investigated and applied in accurate scale residences for long-term technical performance
and useful life.

Window design has an essential role in achieving energy efficiency and thermal comfort.
Besides, it can allow using natural illumination, reducing energy and improving visual comfort.
Also, windows allow natural air circulation, ensuring thermal comfort and reducing energy and
emissions. Highly insulating glazing windows have been under rapid development in the last years.
Some commercial products are available and can be used in many applications for new buildings
and refurbishment.

More research and developments on materials, design philosophies, real applications and
demonstrations of the capabilities of the new materials and design strategies and philosophies can
enhance the thermal properties of the walls, roofs and floors.

To help in assessing these objectives, this review aims to seek building energy-saving solutions
and techniques that can make the energy sector more sustainable by reducing energy
consumption and emissions while keeping modern fashion functional and providing thermal and
visual comfort for the occupants. Hence, the following topics were covered in this review.

In this review, the authors tried to give full coverage of each topic with emphasis on recent
studies, but cited some relatively old studies because of their pioneering and technical relevance.
At the end of each topic, the authors presented their comments on the subject. The review was
finalized by adding conclusions and perspectiveson future research and developments.
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2. Energy Efficient Construction Materials

Electric energy consumption of the building sector is huge, achieving about 40% of the total
consumption and its share of emissions is equally high. To address these major problems, it is
necessary to improve the thermal performance of buildings and reduce thermal losses, eventually
leading to electricity and emissions reductions. One way to achieve these targets is using thermally
efficient construction materials, which are universally used in the construction of buildings. Such
basic materials include mortars, bricks, and concrete in the form of new composites containing
additives to enhance their thermal performance and facilitate their safe integration into the
building construction.

Marani and Nehdi [4] presented a review that examines potential methods of incorporating
PCMs into building materials, including microencapsulation, macro-encapsulation, shape-
stabilization, and porous inclusion. Rathore and Shukla [5] critically reviewed the application of
microencapsulated PCM in buildings. The authors investigated various approaches to integrate the
microencapsulated PCM in the building envelope, its effects on indoor thermal behavior, and the
reduction in cooling load. Figure 6 shows some options for integrating phase change material
(PCM) into building materials.

Microcapsuleswith
PCM

PCM PCM B

m Bricks

. |

Macroencapsulated PCM in bricks,
mortar and concrete

Porous matrix with PCM

357

Figure 6 Micro and macro encapsulation of PCM in building materials.

Microencapsulated PCM in
mortar and concrete

2.1 Mortars with PCM

Mortar is an essential element for building construction usually used with bricks and for
covering external and internal walls to reduce heat transfer to and from the building to the
external ambient. The mortar mix with thermally enhancing additives must be compatible with the
building utilization, does not leak, is resistant to the continuously varying ambient conditions and
safe. Research results showed that adding adequate PCM with the proper quantities to the basic
mortar mix can achieve good thermal results without impairing the mechanical properties of the
mortar. Olivieri et al. [6] presented experimental research on the thermal properties of novel
cementitious mortars incorporating microencapsulated PCM. Results show that silica aggregates
and antifoaming mixture produced mortars with high thermal conductivities and effusivities. Rao
et al. [7] reviewed PCM and mortar to achieve energy efficiency in buildings, including details of
different PCM-mortar combinations and their thermal and mechanical properties. Djamai et al. [8]
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investigated several mortars with varying amounts of PCM and conducted experiments including
thermo physical and micro structural tests. The results showed that the degradation of the
mechanical strength of the PCM-mortar composites was due to both weak PCM inclusions and the
decrease in the degree of hydration of the composites. Sarcinella et al. [9] characterized the
thermal properties of a composite PCM incorporated into mortar compositions. The results
showed that adding PCM in mortars decreases the maximum temperatures and increases the
minimum temperatures, and reduces the heating and cooling needs.

Mankel et al. [10] presented a model for the thermal behavior, heat storage, and recovery of
cementitious composites made with recycled brick aggregates as carriers for PCMs. The authors
reported promising numerical predictions and good agreement with experimental results. Rathore
et al. [11] presented a review investigating the effectiveness of organic PCM as shape-stabilized
composite phase change material and its ability to regulate the thermal behavior of buildings. The
study showed that the material has the potential to improve the thermal conductivity, minimize
leakage, and control the indoor temperature.

Orsini et al. [12] conducted a study to develop a building component that combines high energy
performance with reduced thickness and weight and investigated PCM in cement-based mixes.
The authors characterized the new material, analyzing its mechanical and thermal performance.
Sarcinella et al. [13] developed new sustainable PCMs through the “form-stable” method. The new
PCM materials comprised an inert matrix impregnated by polyethylene glycol (PEG). The
PEG/stone composite materials replaced the fine aggregates in mortars. The results confirmed the
effectiveness of the new mortars in the thermal regulation of indoor environments. Guardia et al.
[14] investigated the influence of a microencapsulated PCM, a lightweight aggregate (LWA), and
cellulose fibers on the behavior of cement-lime mortar. The authors reported that Lightweight
aggregates increased porosity but reduced strength and thermal conductivity. Cellulose fibers did
not modify mortar properties significantly. PCM increased mortar enthalpy but reduced porosity
and strength, while LWA increased the enthalpy of PCM cement-lime mortars.

2.1.1 Authors’ Comments

There is a need to continue the research to develop new materials and energy-efficient building
components. The review shows that the main problem with mortars is the reduced mechanical
strength and unknown data on long-term performance, aging, and cycling. The idea of recycling
demolition construction materials as carriers for PCM seems interesting since it provides a
solution for waste management of construction materials, cheap carrier for PCM, and produces
PCM mix adequate for preparation of mortars with improved thermal properties and economically
sustainable. Accurate field analysis and long-duration tests are required.

2.2 Concrete with PCM and Other Additives

Concrete is another basic material used mainly for constructing external walls, roofs and floors
and usually contributes to heat losses and impacts the heat and cooling loads and thermal comfort
of the occupants. Hence, it is necessary to improve the thermal qualities of concrete to reduce the
thermal impacts and improve internal thermal comfort without impairing its mechanical
properties.

Page 7/54



JEPT 2023; 5(4), doi:10.21926/jept.2304031

The literature shows several studies on recycling plastic waste in the production of building
materials, especially concrete. Using plastic as a component in the concrete mix confers favorable
properties to the final product and makes it economically sustainable. Incorporating polyethylene
terephthalate (PET) particles reduces the need for fine aggregate, increases corrosion resistance,
and makes concrete lighter [15]. Rai et al. [16] investigated the addition of plastic to construction
materials and showed improvement in the resulting concrete's thermal properties. They used
plastic flakes as fine aggregate, PET particles, high-density polyethylene (HDPE) waste, plastic
waste as coarse aggregate, and shredded fiberglass polyethylene bags to replace the fine
aggregate partially. Foti [17] and Ingrao et al. [18] used fibers from PET bottles, remains of
granulated polyvinyl chloride (PVC) pipes, and PET fibers in concrete. Schaefer et al. [19]
demonstrated improved mechanical properties by adding irradiated recycled plastics in concrete.
Ling and Teo [20] added rice husk ash with expanded polystyrene waste to reduce the concrete
bricks' strength loss. Zavadskas et al. [21] reported that the incorporation of plastics in building
materials can improve the thermal efficiency of buildings by enhancing their thermal insulation
using plastics.

Memon et al. [22] investigated macro-encapsulated paraffin-lightweight aggregate to develop
structural-functional concrete. The authors evaluated the chemical and thermal properties,
reliability, and mechanical, and thermal performance. The results showed that the new product
can decrease the indoor temperature and shift the thermal loads. Min et al. [23] evaluated the
thermal and mechanical behaviors of concrete mixed with shape stabilized phase change material
(SSPCM). Results showed that the specific heat increases as SSPCM content increases, but the
resulting concrete's thermal conductivity and mechanical properties are reduced. Ricklefs et al. [24]
investigated the effects of adding microencapsulated PCM on cement paste's and mortar
composites' thermal conductivity. The authors commented that the thermal conductivity of the
cement mortar decreased with the increase of the microencapsulated PCM. D'Alessandro et al.
[25] presented the results of an investigation on concretes incorporating paraffin-based PCM.
Results demonstrate that adding PCM reduces the mass density of concrete and decreases its
mechanical properties. Similar results were reported by [26]. Mohseni et al. [27] developed a
structural lightweight concrete for indoor temperature control using thermal energy storage
aggregates (TESA). TESA were made of porous structural lightweight aggregate impregnated with
PCM. The results showed that the compressive strength of TESA concrete decreased with an
increase in TESA content and that its use could reduce energy consumption.

Yun et al. [28] developed a study to use PCM to control the heat of hydration of concrete and
to evaluate the resulting thermal properties of concrete with PCM. The results showed that the
use of PCM reduced flowability, compressive strength and the probability of thermal cracking.
Sukontasukkul et al. [29] investigated the lightweight concrete containing PCM impregnated into
porous lightweight aggregates. Results show that PCM aggregates affect concrete's mechanical
and thermal properties. The mechanical properties and the latent heat were improved with
increasing PCM aggregate content. The unfavorable interaction between PCM and concrete on the
mechanical and durability properties limits field applications. Nanomaterials and supplementary
cementitious materials can be used to reduce the negative impacts due to PCM [30].

Rathore and Shukla [31] evaluated the building envelope's thermal response integrated with
macro-encapsulated PCM under a real tropical environment. The indoor thermal profile of both
the cubicles in terms of peak temperature, time lag, and thermal amplitude was studied. The
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reduction in cooling load and energy saving in terms of cost/kWh of electricity was also evaluated.
The results show a 40.67%-59.79% reduction in thermal amplitude, including a 7.19%-9.18% fall in
peak temperature of all the walls, the roof, and indoor ambient of the experimental cubical.
Additionally, 60-120 min of time delay along with 38.76% of reduction in cooling load was
achieved.

Lagou et al. [32] conducted a study to provide justified answers to the research question of the
optimal position of PCM into the building envelope, with emphasis on vernacular buildings, as well
as to enlighten aspects of the appropriate melting behavior of PCM materials. Parameters directly
affecting the operation of the PCMs, such as their position within the building envelope, the
external environmental conditions, and the prevailing interior environmental conditions, have
been investigated. Results revealed that in the case of non-conditioned indoor spaces, the PCM
layer should be incorporated into the inner surface of the wall. The environmental assessment of
building envelopes containing PCM building products has also been examined, delivering the
energy pay-back time of the PCM-enhanced building products.

Mohseni and Tang [33] evaluated the efficiency of phase change materials (PCMs) in
improvements in a residential building's thermal performance and thermal comfort. The heat
transfer of concrete containing PCM, was numerically modeled and validated. PCMs with melting
temperatures ranging from 19 to 29°C and 5 and 10 mm thicknesses were applied in different
building elements. The experimental results were in good agreement with the EnergyPlus PCM
module. The results indicated that models integrated with PCM can improve indoor comfort and
reduce heating and cooling loads and temperature fluctuations. The PCM with a melting
temperature of 21°C and thickness of 10 mm in the roof and wall showed the best performance in
the energy consumption and transferring the loads away from the peak demand times. The
environmental analysis indicated that the total CO; emission reduction would be about 264 tons
when PCM with 10 mm thick is applied to a building with a life span of 50 years. The shortest
payback period for building using PCM concrete was 16.6 years.

Cao et al. [34] investigated the potential of utilizing geopolymer concrete (GPC) walls
containing microencapsulated phase change material (MPCM) in buildings at different
environmental conditions. The effect of climate conditions (temperature, solar radiation) and
MPCM design (shell thickness, concentration) on the energy efficiency of buildings was
systematically analyzed based on numerical calculations utilizing the finite differences method
with an energy balance approach. The energy efficiency of buildings was found to increase at
higher levels of MPCM addition and for thicker concrete walls. When the outdoor temperature is
higher than the indoor temperature, increasing the maximum solar radiation causes higher power
consumption, a lower power reduction, and a reduced energy efficiency of the buildings. Utilizing
a PCM with a melting temperature close to the average outdoor and indoor temperatures
positively enhances the energy efficiency of buildings.

Al-Rashed et al. [35] conducted a numerical study focused on energy demand reduction, and
the effectiveness of installing PCM into building envelopes in arid climate zones. For this purpose,
four climate zones of Dubai, Jeddah, Kuwait City, and Lahore City were selected and then a 20 mm
PCM layer (SP-21EK) was incorporated into envelopes to examine the effects of PCM on HVAC
energy usage defining two scenarios. In the first scenario, for Dubai, Jeddah, Kuwait City, and
Lahore City, the incorporation of PCM into the envelopes reduced the annual HVAC power usage
by 55.47, 53.89, 58.86 and 53.57%, respectively. In the second scenario, HVAC power usage was
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reduced by 2.6, 2.03, 1.99 and 5.6%. Under the best conditions and owing to using SP-21EK, CO;
emission reduced by 56.27, 44.81, 45.27, and 58.5%.

2.2.1 Authors’ Comments

The review shows that many investigations and developments were conducted to determine
the amount of PCM to be incorporated in the concrete material to produce the final concrete mix
with thermal properties compatible with its function in the building without impairing its
mechanical properties. These problems, along with aging and possible degradation due to cycling,
are still to be solved. Also full-scale tests and long-duration monitoring are required to encourage
building designers and architects to utilize PCM-concrete mix in real applications.

2.3 New Construction Materials with PCM

The building sector accounts for a significant share of global final energy use and energy-
related CO, emissions. Despite the efforts made during the last decades to reduce energy
consumption and greenhouse gas emissions, the energy demand is increasing steadily. Several
emerging technologies are under development and can help reduce costs and energy usage in the
building sectors besides reducing emissions and recycling waste. Some of these technologies
include the development of geopolymer binders that can replace Portland cement and the use of
3D printing technology in the construction of buildings.

2.3.1 3D Printing Concrete

Three-dimension printing (3DP), has the advantages of high building efficient, low labor cost,
and less construction waste compared to traditional construction technology. 3D printed concrete
is a particular type of concrete which can be deposited through a 3D printer layer by layer without
any formwork support and vibration process. Its important performance indexes, including
workability, setting and hardening time, and mechanical properties, can be optimized by materials
selection and printing parameters. Many building structures have been successfully printed using
3D-printed concrete technology, some of which have even achieved its real applications. The 3D
printed concrete has great potential on practical applications, such as affordable housing
construction in low-income countries and complex structures where the formwork is challenging
to manufacture. 3DCP technology has a high customizability of architectural and structural design;
can reduce material consumption, minimize material waste, decrease construction time from
months or days to hours; improve sustainability, environmental impact and resolve residential
crises by providing homes at the price of $10 000.

Cardenas-Ramirez [36] evaluated three SS-PCM based on eutectic fatty acid mixtures of capric-
myristic (CA/MA), lauric-myristic (LA/MA) and palmitic-stearic (PA/SA). Moreover, a SS-PCM-based
acrylic plaster was evaluated as a fiber cement siding finish. The obtained values were used to
calculate the thermal transmittance (U-value), heat storage capacity, and thermal inertia
parameters under a simulated diurnal cycle. Results showed that using phase change materials in
powder form increases thermal lag between 148% and 180% and present a decrement factor <0.2.
Furthermore, building envelopes as fiber cement siding with an SS-PCM-based acrylic plaster
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coating decreased the 20.8% indoor temperature, increased 67.26% the thermal lag and decrease
9% of the decrement factor.

Ding et al. [37] employed recycled sand instead of natural sand to achieve 3D concrete printing
and investigated the hardened properties of this extrusion-based material. The effect of the
replacement ratio of recycled sand, curing age, nozzle height and anisotropic behavior were
evaluated based on the compressive tests, tensile splitting tests, and flexural tests. The results
showed that the compressive and flexural strengths of the 3D-printed concrete with recycled sand
were slightly lower than those without recycled sand. The compressive, tensile splitting, and
flexural strength of 3D printed concrete with recycled sand had obvious anisotropy. The
replacement of recycled sand had limited effect on the anisotropy of compressive and flexural
strength but had a certain impact on the tensile splitting strength. It is believed that employing
recycled sand to the mix of 3D printed concrete will significantly improve the sustainability of 3D
printed concrete structures.

Brooks et al. [38] examined the feasibility of incorporating microencapsulated phase change
materials (mPCM) into 3D printable cementitious composite materials. Results showed that the
mPCM affected the printability of the cementitious ink material based on its physical properties
(e.g., particle size) and volume loading - at lower volume loadings, mPCM increased the flowability
of the cementitious ink material while leading to increased compressive strength and thermal
conductivity for the hardened printed material. However, a further increase in mPCM dosage led
to a decrease in printability and, therefore, a decrease in compressive strength and thermal
conductivity as compared to the reference mixture. The study shows that microencapsulated PCM
materials have good potential to be used in 3D printable cementitious mixtures for improving the
thermal and energy performance of 3D printed buildings.

Large-scale construction 3D printing (C3DP), also known as green building construction, is an
innovative method that can save time, materials, and labor costs. The suitable printing materials
should have the properties of good fluidity, excellent early strength, appropriate setting time,
suitable viscosity, and cost-effectiveness. Among the main concerns of the construction 3D
printing, the clogging of the material induced by premature setting and poor fluidity of the
concrete is a significant one. It hinders the pumping capacity of concrete materials from the mixer
to the extruder and reduces the overall efficiency of the C3DP process. The existing literature has
proposed a variety of materials for C3DP, but there is still no standard information on the material
selection. Therefore, it is necessary to solve the material clogging problem while obtaining the
characteristics suitable for printing materials. Shahzad et al. [39] conducted a study seek for
suitable printing properties for C3DP material to solve the clogging problem. The composition
based on industrial solid waste was used to prepare this material. The use of this material in C3DP
was proved to be cost-effective. Suitable setting time, good fluidity, and excellent compressive
strength were achieved. These suitable properties were obtained by adding the phase change
material (PCM) at different temperatures. Furthermore, optimized material was used to print 3D
structures with different shapes. It is believed that this method can provide innovative ideas for
promoting green building construction and producing high-value products.

Figueiredo et al. [40] conducted a study of quantifying the influence of microencapsulated
phase change material (PCM) over the concrete mechanical and thermal properties. The
experimental tests on concrete with PCM yielded resistance loss up to 66% and 52% for
compression and bending strength, respectively, comparatively with the reference concrete
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specimens, without PCM. Thermal performance of concrete incorporating PCM was also evaluated.
The results showed that incorporating PCM can contribute to reducing the energy demand in
buildings.

Christen et al. [41] studied the effects of adding a paraffin phase change material on the
strength and printability of 3D-printed concrete. Adding phase change materials to concrete
produce a composite material with maximized latent and sensible heat storage capacity. Used in
buildings, this hybrid material can minimize unwanted heat transfer across the building envelope.
An existing mix design (RBA-3DPC), in which 64% of the natural aggregate in a 3D printable
concrete (3DPC) had been replaced with recycled brick aggregate, is adjusted by adding phase
change material to the pores of the recycled brick aggregate by vacuum impregnation, creating
PCM-3DPC. It is concluded that the PCM-3DPC has the highest number of printable layers
predicted by the model and realized by a cylindrical column print. Overall, PCM-3DPC has greater
strength than RBA-3DPC and lower strength than 3DPC.

Hao et al. [42] generated a novel shape-stabilization phase change materials (PCM) for 3D
printed concrete have been by impregnating paraffin into the recycled fine aggregates. Based on
both steady state hot plate method and the transient hotwire method, the impact of printing
parameters, including printing layers, path, extrusion rate and materials on thermal conductivity
of the 3D printed concrete was investigated. The relationship among thermal conductivity, dry
density and porosity of the 3D printed concrete was analyzed. The results showed that recycled
fine aggregates can be successfully used as a support material for paraffin. The melting
temperature and latent heat is 36.52°C and 40.65 J/g, respectively. The thermal conductivity of 3D
printed concrete was significantly influenced by the multi-layer structure and thermal anisotropy.
Under the same size, density class, or mix design, the thermal conductivity of the 3D printed
concrete can reach up to 31.04% lower than that of mold cast concrete. The results also indicate
that impregnating paraffin into the recycled fine aggregate can improve its thermal properties to
upgrade the overall performance of 3D printed concrete.

Ryms et al. [43] examined the possible use of post-pyrolysis char made from spent vehicle tyres
as a carrier for phase change materials (PCM), which could be used as an additive to cement
mortar. Because of the ability of PCM to accumulate heat, the cement composite obtained from it,
apart from its structural and strength properties, will acquire an additional energy storage
function, which can be very important for energy-saving construction. Rubitherm RT22 was used
as a PCM to develop the new cement composite. The experiments' results showed that using tyre
char as a PCM carrier in cement mortars is not only possible, but also thermodynamically
advantageous.

Das et al. [44] agglomerated MIC-PCM (AMIC-PCM) with bio-based PCM in core encapsulated in
thicker formaldehyde-based shell is incorporated in flowable cement mortar. Firstly, material
characterization of AMIC-PCM is carried out to study its phase change temperature, latent heat
capacity, thermal conductivity, and specific heat capacity. It was observed that the bio-based
AMIC-PCM can resist temperatures up to 230°C without any degradation. Experimental outcomes
of this study indicate that the adoption of 10% dosage of AMIC-PCM reduces the flow of mortar,
compressive strength and flexural strength drastically. Although there is strength reduction of
mortar due to low intrinsic strength of AMIC-PCM, results of the SEM analysis indicate no micro-
encapsulation damage in mortar mix. Further, it is to be noted that despite the strength reduction,

Page 12/54



JEPT 2023; 5(4), doi:10.21926/jept.2304031

the mortar mix with 10% dosage of AMIC-PCM is found to satisfy the strength requirement for
making a non-structural mortar board to increase the thermal mass of building.

Zhang et al. [45, 46] reviewed the progress of 3D printed concrete in terms of workability,
mechanical properties and building plan design, further developments of 3D printed concrete
were also discussed. They presented state-of-the-art mix design concepts for 3DPC, where various
aspects of mixture compositions and their effects on properties of 3DPC were highlighted, and mix
design approaches were described. The use of models providing a quantitative relationship
between the rheological parameters of fresh concrete and its composition is essential to guide the
mix design of printable concrete. Some such models do exist already, but considerable research is
still needed to develop them into reliable mix design tools involving the properties of hardened
concrete under consideration of process-induced anisotropy.

Ahmed [47] presented a comprehensive review of 3D printing of various materials, techniques,
and trending applications. The materials used for 3DCP, mix design principles, and printing process
parameters have been overviewed. The factors influencing flowability, extrudability, buildability of
various mixes, microstructure, and mechanical properties of the hardened concrete; and
improvement techniques have been discussed. Part of this review highlighted the cost of 3D
printed houses compared with traditional alternatives, the environmental sustainability of 3DCP,
and its compatibility with international plans for climate change and minimizing energy usage.
Finally, the conclusions identified the needed research and state of the art for this technology.

Alabbasi et al. [48] presented the development and validation of a design-to-fabrication
framework aiming to improve the efficiency of fabricating reinforced concrete building
components for housing projects in the Kingdom of Saudi Arabia by incorporating 3D concrete
printing technology. In particular, the research presented an algorithmic framework to mass
customizing a typical Saudi Arabian free-standing house by utilizing parametric modeling, topology
optimization (TO), finite element analysis (FEA), and robotic 3D printing tools and techniques. The
framework was validated by fabricating optimized reinforced concrete columns and by testing
their structural performance under the Saudi Building Code (SBC 304). The findings demonstrate
the benefits and drawbacks of the proposed framework and compare it to current Saudi
conventional construction approaches.

As one of the ways contributing to the progress of the industrialization of the construction
industry, 3D printed concrete (3DPC) has attracted more and more attention in recent years.
However, one of the most significant challenges for the application of 3DPC is the printing
materials. There is a significant difference in the mixtures and performance between 3DPC and
standard concrete.

Hou et al. [49] conducted a study to review the performance requirements of 3DPC, including
printability, fresh and hardened mechanical properties, and durability. Based on this, the
specialized test methods for 3DPC are reviewed for the compelling quality evaluation of 3DPC. The
last part presents a review of mix design from the point of view of different materials and mix
design approaches. The results show that 3DPC needs to meet the printability that it has higher
requirements for rheology, hydration, and green strength than standard concrete. The interlayer
bond is the key to study the anisotropic strength and durability degradation. More accurate test
methods and testing standards should be developed. Besides, coarse aggregates and recycled
materials need to be considered in the mix design of 3DPC.
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2.3.2 Authors” Comments

As one of the ways contributing to the progress of the industrialization of the construction
industry, 3D printed concrete (3DPC) has attracted more attention in recent years. Using 3DPC can
accelerate the construction speed, save labor and raw materials, and improve the design freedom
of construction without formworks. However, there is a significant difference in the mixtures and
performance between 3DPC and normal concrete which requires more and deep investigation.

Large-scale construction 3D printing (C3DP), is a potential method that can save time, materials,
and labor costs. The suitable printing materials should have the properties of good fluidity,
excellent early strength, appropriate setting time, suitable viscosity, and cost-effectiveness.
Among the main concerns of the construction 3D printing is the material's clogging induced by
premature setting and poor fluidity of the concrete. Therefore, it is necessary to solve this
material clogging problem while obtaining the characteristics suitable for printing materials.

2.3.3 Geopolymer Concrete

Geopolymer concrete is made by reacting aluminate and silicate bearing materials with a
caustic activator, such as fly ash or slag from iron and metal production. It can be a suitable
substitute for ordinary Portland cement (OPC). The production cost per cubic meter (m3) of
geopolymer concrete is 34.75% less than the Portland cement concrete of the same grade. The
production of this concrete contributes positively to the environment by using industrial waste
and reducing carbon emissions due to the lower demand for Portland cement. Figure 7 shows the
integration of components for the production of geopolymer concrete.
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Figure 7 Composition of geopolymer concrete.

Shadnia et al. [50] studied experimentally the mechanical and thermal properties of
geopolymer mortar synthesized with low calcium fly ash and different amount of PCM. The results
indicate that the geopolymer mortar's unit weight and compressive strength decrease slightly
after PCM is incorporated, mainly due to the small unit weight and low strength and stiffness of
the PCM. However, the compressive strength of geopolymer mortar containing up to 20% PCM is
still sufficiently high for applications in buildings. The results also show that the incorporation of

Page 14/54



JEPT 2023; 5(4), doi:10.21926/jept.2304031

PCM leads to a substantial increase of heat capacity and a decrease of thermal conductivity of the
geopolymer mortar and is very effective in decreasing the temperature inside the cubicles.
Therefore, the geopolymer mortar with incorporated PCM can be used as building walls to
effectively increase buildings' thermal inertia and reduce energy consumption for cooling and
heating.

Lecompte et al. [51] conducted a study that examined the inclusion of micro encapsulated
phase change materials (PCM), up to 29% in volume, in concretes and mortars. Thermal and
mechanical characteristics of hardened mixes are measured and compared with classical civil
engineering models. PCM microcapsules behave as voids on a mechanical point of view and as
adequately dispersed spheres on a thermal point of view. It is shown that PCM included in a
mineral matrix to make building blocks could benefit walls' thermal behavior, keeping a consistent
mechanical strength.

Asadi et al. [52] reviewed the geopolymer mortar and concrete containing PCMs, including
their characteristics such as workability, density, compressive strength, heat capacity, thermal
conductivity, and their effect on building energy consumption. Existing literature reveals that using
geopolymers instead of OPC can reduce thermal conductivity and power consumption. The latent
heat and melting temperature of investigated PCMs were in the range of 96.1-230 J/g and 21.9-
33.8°C, respectively. Also, the workability of geopolymer concrete can remain in the acceptable
ranges when the PCMs are incorporated in low percentages. Furthermore, a considerable increase
in the heat capacity is reported at the PCM’s melting temperature of geopolymer mortars and
concretes.

tachet al. [53] investigated the possibility of using PCM in concretes and geopolymer
composites and presented the most essential properties of PCM materials, their types, their
characteristics, and their use in geopolymer materials. The authors critically analyzed the
feasibility of mass-scale implementations of such composites. It was found that the use of PCM in
sustainable construction is necessary and inevitable. It will bring several benefits, but it still
requires significant financial resources and time for more comprehensive research.

Haurie et al. [54] provided a paper that handles the effect of the addition of different
percentages of microencapsulated phase change material on the properties of two commercial
single layer mortars has been studied. Physical and thermal properties as well as fire reaction have
been evaluated.

Cui et al. [55] conducted a study to achieve high heat exchange efficiency of a
microencapsulated phase change material (MPCM) and energy storage for buildings; a graphite-
modified MPCM (GM-MPCM) was prepared and incorporated into the cement mortar to develop a
type of cement mortar with both high heat storage efficiency and considerable mechanical
strength. The thermophysical properties of the GM-MPCM and the thermal and mechanical
properties of the GM-MPCM mortar were investigated. The results indicated that cement mortars
with GM-MPCM can be used for thermal energy storage in buildings. Moreover, adding GM-
MPCM into cement would also lower and delay the hydration heat, which is helpful in reducing
the thermal cracking of cement-based materials.

Rashid et al. [56] conducted a study to evaluate the enhancement of the thermal properties of
geopolymer concrete (GPC) by adding phase change material (PCM) capsules. Five compositions of
GPC cubes were developed for testing, one pure geopolymer as a reference, two compositions by
50% volume substitution of pure geopolymer with the two different PCM capsules and two
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compositions by 50% substitution of each porous material for comparison. Thermal and structural
tests were conducted to investigate the effects of capsules on the properties of produced GPC.
The produced thermally enhanced GPC can reduce heat transmission to indoors in hot climates
like the United Arab Emirates, and its compressive strength is acceptable for non-load-bearing wall
components.

2.3.4 Authors’ Comments

The building sector is considered as a big consumer of global final energy use irrespective of the
recent efforts to reduce this consumption. Including PCM in mortars and concrete helps increase
the effective mass and reduce temperature fluctuations. Several new technologies are under
development, including the development of geopolymer binders that may be used as an
alternative to Portland cement and the possible use of three-dimensional (3D) printing technology
in the construction sector. These promising technologies can help reduce costs, while maintaining
energy efficiency, low consumption and thermal comfort.

2.4 Bricks with PCM

Red and concrete bricks are the most common construction elements used in internal and
external walls and are responsible for a significant part of thermal losses in the building. Improving
the thermal qualities of bricks, like thermal capacity and ability to store latent heat energy can
reduce energy consumption and emissions of the buildings. Memon [57] presented an extensive
review of incorporating PCM into construction materials and elements by direct incorporation,
immersion, encapsulation, shape-stabilization and form-stable composite PCMs. Khedache et al.
[58] conducted a study on preparing and characterizing thermal properties and reliability of
Paraffin/Redk Brick mixed as form-stable PCM. The composite materials are red brick powder,
paraffin, expanded graphite and PCM. The results show that the proposed product has
considerable latent heat energy storage potential. Wang et al. [59] conducted a study to evaluate
a composite-PCMs wall. They found a reduction of about 0.2°C for the internal wall temperature, a
time delay of about 1-2 h, and a decrease of 24.32% of the cooling load. Similar results were found
by [60]. Kant et al. [61] conducted a numerical study on finite elements on the building bricks
containing PCM. The results indicate that applying PCM in building brick could be an effective
technique for passive thermal control. Souci and Houat [62] obtained similar results and
confirmed that the hollow brick with paraffin could be a solution to increase buildings' thermal
and energy efficiency. Dabiri et al. [63] presented a thermal analysis of a brick with PCM. The
results indicated that heat storage was via latent heat in the summer, while in winter, it was
mainly by sensible heat. However, PCM could be incorporated in buildings envelope for thermal
regulation in both the summer and winter. Saxena et al. [64] tested bricks with both Eicosane and
OM35 and found a temperature reduction of 5-6°C across the bricks. Compared with conventional
bricks, the authors found a reduction in heat flow of 8% and 12% for Eicosane and OM35,
respectively.

Tuncbilek et al. [65] investigated the influence of brick-containing PCM on heating and cooling
loads for different fusion temperatures, locations, and quantities of PCM. The results indicate that
integrating PCM into the brick can significantly reduce heating and cooling loads and provide
thermal comfort for the occupants. Azmi et al. [66] reviewed numerical methods used to evaluate
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the performance of bricks with impregnated PCM, including the enthalpy-porosity method and
lattice Boltzmann method.

Mukram and Daniel [67] used commercially available PCM for incorporating in bricks and found
favorable results as both macro and micro encapsulated in the bricks. Abdulhussein and Hashem
[68] conducted an experimental study on bricks with PCM and compared the results with the case
without PCM. They reported that more than 3 °C reduced the internal temperature and the heat
flux was reduced by 34.17%. Ru et al. [69] used brick waste from demolition of buildings as
recycled aggregate mixed with PCM. The results showed favorable behavior for practical
application. Shaik et al. [70] investigated the savings in air-conditioning in duplex houses designed
with various PCM incorporated in burnt clay bricks. The authors reported an annual cost saving in
air-conditioning of $2, 079, carbon mitigation of 87.8 tons CO,/year, and a payback period of 11.29
years.

2.4.1 Authors’ Comments

Laboratory tests on bricks with PCM insertion have proved adequate to regulate indoor
temperature and reduce heat losses and gains. Numerical simulations also confirmed that bricks
and other thermally enhanced elements, can form an efficient barrier against thermal losses and
contribute to passive thermal comfort in buildings.

2.5 Energy Saving Solutions for Buildings Heating and Cooling

About 40% of the total world energy is consumed by buildings, so it is necessary to reduce the
energy consumption. Heating and cooling energy use accounts for the great share in building
consumption mainly due to the increase of light-weight modern constructions. Heat loss through
light-weight building is high, resulting in significant temperature fluctuations, low thermal comfort,
and high cooling/heating loads. The building envelop is a weak barrier against heat loss. Therefore,
PCM can provide an insulating effect that enhances thermal comfort and reduces power
consumption.

There are many ways to reduce energy consumption in building, such as shading, bio-mass
mixed finishing mortar, light-color facades, and implementation of insulation materials. A more
effective way is to use PCM, which offers higher thermal inertia than conventional insulation
materials. The PCM is used in building components such as walls, roofs, floors, ceilings, and
windows. It can increase the building thermal capacity by improving its effective thermal mass,
which reduces heat loss and enhances energy conservation in buildings. Mabrouki et al. [71]
numerically investigated the application of PCM in a Trombe wall for a semi-oceanic climate with
different melting points and thicknesses. Simulations were based on data of a city in Morocco
introduced in Designbuilder and Energyplus. The outcomes indicated annual energy savings of
42.97%. Devaux and Farid [72] applied a PCM layer to the ceiling of a building. The theoretical
approach and predictions were validated by comparison with experimental data. Results indicated
heating cost savings up to 42%.

Jamil et al. [73] numerically and experimentally investigated the use of PCM for retrofitting a
building ceiling in Melbourne, Australia. The room temperatures of the original and retrofitted
building were compared. The passive application of PCM in the building ceiling significantly
improved thermal comfort. Kusama and Ishidoya [74] used microencapsulated PCM on both
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ceiling and finishing plaster for a building in Japan. The experimental study focused on the effect
of PCM on indoor temperature. Comparisons were made for two heating sources. The authors
indicated that PCM could use up to 82% of incident solar radiation through the windows, which
improved the indoor temperature and reduced energy consumption. Li et al. [75] numerically
investigated the use of PCM on the roofs. Simulations were conducted for cold regions in China.
The influence of the PCM layer thickness, roof slope, and external surface absorption coefficients
on thermal performance was investigated. The authors found that the PCM layer thickness and
external surface absorption coefficients had a significant influence. Abbas et al. [76] studied the
effect of PCM integrated in a south-faced building wall on indoor temperature. This study was
conducted experimentally and numerically using the enthalpy approach and finite volume
techniques. The researchers investigated the impact of PCM incorporated in hollow bricks. This
technique decreased the indoor temperature by 4.7°C while temperature fluctuation decreased by
23.84%. Castell et al. [77] presented an experimental study of encapsulated PCM's impact when
integrated in classical and alveolar brick envelopes for Mediterranean weather conditions. The
study indicated cooling energy saving of 15% along with low CO; emissions in the range of 1-1.5
kg/year/m?. Zhang et al. [78] studied the effect of fluctuating outdoor temperature on the thermal
performance of PCM applied to an external brick wall. The investigators employed a model based
on the enthalpy-porosity method in PCM and conduction in the solid envelop. The numerical
predictions were validated against experimental data. The results indicated the positive impact of
PCM on thermal comfort by decreasing the room temperature fluctuation. Furthermore,
increasing the amount of PCM led to a more significant enhancement effect. Mehdaoui et al. [79]
experimentally studied the thermal behavior of a building wall in the presence of PCM.
Temperature distribution through the composite wall was analyzed in laboratory scale. An analysis
of the PCM-mounted wall's heat transfer and phase change characteristics was presented. Gao et
al. [80] investigated the effect of using PCM in wall bricks for optimal thermal performance and
reduction of thermal loads. The authors employed a home-built numerical model for the
simulation of heat transfer associated with phase change. The model was validated against
experimental results.

In fact, the thermal performance depends on several factors such as the choice of PCM, location,
and thickness which minimize the HVAC load, enabling smaller and lower power demand [81]. The
effect of PCM location in the envelop has been investigated in numerous studies. Tungbilek et al.
[82] optimized the design parameters of PCM in an external wall to absorb the maximum of latent
heat. The optimization included the location, thickness, and melting temperature of PCM. The aim
of the simulation study was to reduce the cooling load of a building office for summer conditions.
Placing the PCM at the inner wall surface was found to be more effective than the external wall
surface. A PCM thickness of 23 mm led to energy savings of up to 12.8%. The optimal melting
temperature was found to be 25°C. Kishore et al. [83] studied five US cities to determine the
optimal PCM melting point and location in the external wall to reduce cooling and heating loads.
The authors investigated a typical US wall under representative climates covering the US main
regions. The optimization criterion was to reduce the HVAC load. The outcomes indicated
reduction in heat gain and loss up to 47.2% and 8.3%, respectively. Arici et al. [84] studied the
effect of PCM melting point, thickness and location in the external wall on the time lag, decrement
factor, and energy consumption for both cooling and heating loads of three different cities in
Turkey. For optimal performance of latent heat of PCM, the layer thickness should not exceed 20
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mm. Al-Absi et al. [85] presented a review that examines PCMs’ application in different positions
within the building walls to locate their optimum position and the influential parameters such as
climate and weather conditions, PCMs’ melting temperature and heat of fusion, PCMs’ amount
and thickness, the thermal properties of the wall’'s materials, among others. An optimization
process is suggested to determine the optimum position of the PCM. Terhan and llga [86] also
conducted an optimization study to define the optimal PCM type, position, and thickness. They
found the highest heating energy savings of 21.32% annually for the case of three-layer BioPCM27
of melting temperature of 21°C integrated in the external wall.

Jiang et al. [87] applied the PCM to the window frames, studied its impact on the building’s energy
consumption for severe cold climate, and optimized the results to find the maximum window size
in the south and minimum in the north. This saved about 20% on heating costs. Zhang et al. [88]
conducted an optimization study by applying PCM only and then integrating silica aerogel and
found that the performance of the insulation layer, optical performance of glass, and melting
temperature of PCM are the key parameters to achieve an energy-saving rate of 56.67%. Zhang et
al. [89] investigated the thermal performance of double-layer glass filled with PCM as a function of
thermal physical parameters. Results indicate that the temperature distribution of the glass
channel is mainly influenced by the absorption coefficient of the paraffin material and that the
refractive index has a smaller impact on the temperature of the glass channel. Increasing the
latent heat of paraffin materials can greatly improve the thermal performance while the thermal
conductivity and the specific heat of paraffin have little impact on the thermal performance.

PCM can be applied for both heating and cooling purposes. In cold climates, the energy
required to meet the heating demand is higher than that required for the cooling demands. It is
necessary to find the best way to reduce heating demands and avoid overheating in the summer.
Dehkordi et al. [90] studied the effectiveness of PCM for hot and cold weather and found it more
beneficial for the cold regions with a decrease in the annual heat transfer within the range of 20-
32%.

Numerous studies were conducted to illustrate the PCM potential to reduce the heating load. Li
et al. [91] and Ma et al. [92] investigated the combination of sunspace and PCM in reducing the
heating loads in severe cold climates and reported reduced energy consumption by about 28%
and 10%, respectively. Caliskan et al. [93] carried out an analysis and evaluation of a hybrid
heating system in a building. They connected the building's water boiler to an air heating unit that
was based on the latent heat storage of PCM. Their results indicate that energy consumption can
be reduced by integrating PCM with the building's heating unit due to the energy stored in the
PCM. Ahmed et al. [94] discussed a thermal energy storage (TES) system that utilizes highly
encapsulated magnesium chloride hexahydrate as PCM contained within aluminum cylinders. This
system was integrated with a household gas heating system to capture waste energy when the
room temperature is raised to a comfortable level. The authors investigated various performance
metrics of the TES system, such as the stored energy, liquid fraction, and exergy during the
charging and discharging process.

Application of PCM in floors to improve thermal comfort and reduce demand for heating and
cooling proved to be a satisfactory measure. Barzin et al. [95] conducted an experimental study on
a building integrating PCM boards in the floor for heating purposes. The study focused on energy
consumption and cost related to peak power in the environment of Auckland, Australia. Significant
energy savings and cost were reported at 35% and 44.4%, respectively. Faraj et al. [96]
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investigated the feasibility of coconut oil as PCM in an under floor heating system for electricity
peak load shaving. They compared the energy consumption and economic benefits of a test house
with and without PCM. In a PCM-integrated building heating system, the PCM is usually
incorporated into the building's structure or thermal storage unit, such as a tank or a heat
exchanger. During off-peak hours or when excess energy is available, the PCM absorbs heat. When
the building needs heating, the PCM releases the stored energy, providing heat to the building
[97].

The advantages of PCM integrated building heating include reduced energy consumption and
costs and increased thermal comfort for building occupants. Additionally, PCM-integrated building
heating can be combined with other renewable energy sources, such as solar energy, to provide a
more sustainable heating solution [98]. However, some challenges of PCM-integrated building
heating include the need for careful design and installation to ensure optimal performance and
the need for proper maintenance and replacement of the PCM over time. Additionally, using
certain types of PCMs may present environmental and health risks, so careful selection and
handling of materials is essential.

Radiant floor heating systems are popular due to the uniform temperature distribution and low
noise. Sun et al. [99] constructed a double-layer radiant floor system with two inorganic PCMs and
the performance of the test rooms in winter and summer was studied. Results show that the
PCMs with different melting points can regulate indoor thermal comfort and shave the peak load.
Zho and He [100] experimentally studied floor heating with different thermal mass and heating
pipes. The results show that the PCM produces less temperature variation, twice longer discharge
time, and higher and more stable heat supply than sand. In order to improve the energy
performance of heating systems in buildings, Jin et al. [101] developed a novel composite for use
as a heat storage medium in heating systems in buildings. The composite has a thermal
conductivity of 1.87 W/m and a latent heat of 161.9 kJ/kg. The authors tested the thermal
performance of radiant floor heating systems incorporating this new PCM composite. They found
that the system's operating cost was 73.1% lower than the storage medium without it.

An electric radiant floor heating system can be combined with a suitable PCM to improve its
energy efficiency and reduce energy consumption [102]. By incorporating a PCM into an electric
radiant floor heating system, the PCM can absorb and store heat when the electric heating
element is on, and release the stored heat back into the room when the heating element is off.
This can help reduce the overall operational time of the electric heating element and energy
consumption and costs.

As well, cooling applications of PCM in buildings have been the subject of intensive research to
illustrate its impact on indoor temperature and energy consumption. Wang et al. [59] investigated
the effect of PCM for different seasons. They showed a reduction in the cooling and heating load
by 24.32% and 10-30%, respectively. Diaconu and Cruceru [103] tested the impact of two different
PCMs simultaneously applied to the same wall with different melting temperatures. This
configuration was able to reduce the peak cooling load by 35.4%. Furthermore, energy
consumption for heating was reduced by 12.8%.

In summary, the advantages of PCM for building are numerous (Figure 8); one can cite the
thermal comfort by reducing the room temperature swings, which leads to low HVAC load and
hence, small devices, resulting in low power energy consumption and emissions. Additionally, PCM
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can help in decreasing the peak power demand. However, limitations, challenges, and research
gaps are discussed in the following section.

/ Low temperature swing
Benefits of .
Low power consumption
PCM Peak power shaving
Small HVAC devices
\ for buildlings Low emissions

Figure 8 Advantages of PCM incorporation in buildings.
2.5.1 Authors’ Comments

This section showed the potential of PCM in passively reducing heating and cooling load by
limiting the indoor temperature swing, which reduces energy consumption, improves thermal
comfort, and allows the use of light-weight envelops. Different PCM types incorporated in various
building components were investigated for various climate conditions and seasons.

Based on information from the references discussed here, Table 1 and Table 2 show data on
the relevant properties of commercial microencapsulated PCM and the Porous inclusion of PCM.
Additionally, Table 3 shows the properties of some of the PCMs used in building materials.

Table 1 Properties of commercial microencapsulated PCM.

Micro encapsulated PCM Melting Temperature (°C) Latent Heat (kJ/kg) Ref.
Micronal® DS 5040X (BASF)
Particle size (mean): 50-300 m  22-24 95 [14]

PCM: paraffin wax
Micronal® DS 5038X (BASF)

Particle size (mean): 50-300 m  24-26 110 [6]
PCM: paraffin wax

INERTEK® 23

Particle size (mean): 5-25 m 23-27 160 [8]
PCM: methyl hexadecanoate

MPCM24D

(MicroTek Laboratories Inc.)

Particle size (mean): 15-30 m

PCM: paraffin wax

ME29P (CrodaTherm™) 29 183 [67]
OM35 (savENRG™)

Mixture of Organic materials

22-26 155 [24]

35 197 [64]
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Table 2 Properties of PCM impregnated in porous matrix.

Melting
. . Latent Heat
Porous inclusion of PCM Temperature Ref.
o (kJ/kg)
(°C)
Lecce Stone impregnated with Poly-Ethylene
Glycol, PEG 1000. 38.6-40 26.8-28.6 [13]
granulometry: 1.6-2.0 mm
Lecce Stone impregnated with Poly-Ethylene
Glycol, PEG 800 11.3-14.1 25-31.7 [13]
granulometry: 1.6-2.0 mm
Diatomite with palm wax 50.5-62.4 44.3 [5]
Diatomite with Dodecanol 23.3-29.5 75.8 [5]
Expanded perlite with paraffin 27.6 67.1 [5]
Expanded perlite with PEG 55.2 135 [5]
Table 3 Organic and Inorganic PCM properties.
Meltin Latent Thermal
Phase Change g Density .
Material (PCM) Temperature Heat (kg/m?) Conductivity Ref.
(°c) (k)/kg) (W/mK)
Organic PCM
775 (liquid 0.149 (liquid
Paraffin-wax 28.2 245 (Iqt_“ ) (",‘”' ) [61]
814 (solid) 0.35 (solid)
760 (liquid
Paraffin wax 38-43 147 (liquid) 4 (68]
899 (solid)
Paraffin wax (C16-C18)  20-22 152 [7]
888 (liquid)  0.153 (liquid
Capric Acid 30-32 152-158 (liquid) Uiquid) 11 61
1018 (solid) 0.372 (solid)
. 780 (liquid)  0.15 (liquid)
-Eicosane 36-38 247.3 11,64
n-ricosan 815 (solid)  0.39 (solid) 1 &4
Poly-Ethylene Glycol,
yERY y 18.3 151 [13]
PEG 800.
Poly-Ethyl Glycol,
olytthylene BIVeoh 43 129.3 [13]
PEG 1000.
770 (liquid 0.18 (liquid
RT35 (RUBITHERM®)  32-38 160 (liquid) (liquid) o)
860 (solid) 0.19 (solid)
770 (liquid)  0.18 (liquid
RT25 (RUBITHERM®)  22-26 230 (liquid) Uiquid) 1)
880 (solid) 0.19 (solid)
Glycerin 17.9 199 [7, 11]
Hexadecane 18 236 [11]
Coconut oil 27 82.3 1.33 [5]
Dodecanol 23.4 206 [5]

Inorganic PCM
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LiNO3 3H,0 30 189 [5]
KF4H,0 18.5 231 [5]
Mn(NOs); 6H,0 25.8 126 [5]
LiBr,-2H,0 34 124 [5]
CaCl,-6H,0 29-30 171-192 [5]

3. Thermally Efficient Windows and Facades

Windows and facades are the building's transparent elements, establishing the visual contact
between the indoor and external ambient. They permit natural lighting and ventilation, which are
essential for the thermal and optical comfort of the occupants. However, these elements help the
penetration of incident solar radiation in refrigerated ambient and allow heat loss to the outdoor
side of heated ambient, provoking excessive cooling and heating loads and increasing energy
consumption of the building besides impacting both thermal and visual comfort. Since transparent
windows and facades are essential for formation, means must be provided to reduce their
negative impacts. The literature review shows an expressive number of studies to produce
products that satisfy the requirements of the building sector. Available fenestration technologies
include double- and triple-pane windows, gas-filled window systems, vacuum glazing, low-
emissivity coatings, solar control films, photochromic glass, smart windows, and aerogel-granule-
filled windows. In this part of the present review, the authors reviewed windows with solar films,
vacuum glazing and application in windows, windows with multiple panes and filling materials
such as PCM inert gases, absorbing gases, etc., windows with aerogel and other thermally efficient
facades and windows.

3.1 Windows with Solar Films

Solar control film is a self-adhesive thin film that can be applied to existing buildings' glazing
systems for retrofitting purposes to modify the thermal and optical properties of the glass
substrate. Intercalating membranes of different materials manufacture these films in a specific
arrangement [104]. Their application on glazing systems can reduce the heat gain, annual energy
consumption and peak demand load. On the other hand, Low-emissivity (low-e) materials can
reduce energy consumption in both opaque and transparent building areas due to the reduction
of heat transfer through thermal radiation.

Al-Taqi et al. [104] studied the cost-effectiveness of solar control films retrofitted in residential
clear glass windows. They concluded that the solar film improved the thermal comfort, reducing
the peak cooling and power demand by 6.7% and 4.7%, respectively. Xaman et al. [105] conducted
a numerical study on double glass windows with a solar control film for use in cold and warm
climates. They found that the film can reduce heat gain by about 52% in hot climates. Li et al. [106]
reported the results of a study to evaluate the effects of window films on the energy consumption
of buildings. The results showed that the thermal performance of films on clear glass is better than
on colored glass and has significant energy-saving potential in office applications.

Jelle et al. [107] reviewed low-e materials and their possible implementations and benefits in
buildings. Teixeira et al. [108] conducted a study to assess the thermal and visual comforts, energy,
and environmental performance of different types of solar control films. The results showed that
when seeking thermal and visual comfort reflective films are most preferred. Spectrally selective
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films are used when seeking energy cost saving and CO2 emission reduction. Pereira et al. [109]
conducted an experimental study to analyze the impact of solar control films on the indoor
luminance and its distribution. The results indicated that solar control films reduced indoor glow
and visual discomfort.

Kirankumar et al. [110] conducted a study on reflective windows for application in buildings to
control the total solar heat gains. The double glass window composed of grey reflective glass-
10 mm air gap - gold reflective glass is found to have the best thermal performance, the highest
annual cost savings, and the lowest payback period of 1.42 years. Yi et al. [111] investigated
transparent radiative cooling film for energy saving in buildings with roof glazing. The radiative
cooling film has low transmittance in solar spectra and selectively high emissivity in the
atmospheric window. The results showed good summer performance, acceptable winter cooling,
and air conditioning annual savings of about 40.9%-63.4%. Pereira et al. [112] reviewed the
performance of solar control films applied to glazing systems. They covered analytical and
computer simulation approaches, film systems, climatic conditions, energy savings, and visual and
thermal comfort performance.

3.1.1 Authors’ Comments

Solar control films effectively reduce solar radiation penetrating glass windows, promoting
thermal comfort, and reducing energy consumption. Although low-emissivity is accepted and has a
proven effect on energy efficiency and reduction of energy consumption, there is some concern
about ageing effects on their performa. Hence, it needs more investigation and long-duration tests.

3.2 Vacuum Glazing

Vacuum glazing (VG) consists of two glass panes, and the gap in between is evacuated, spacers
are arranged in the gap, and the edge is sealed. Vacuum glazing has a low heat loss and high
visible transmittance. Besides reducing thermal convection between the glass sheets, using
appropriate coatings and spacer pillar and seals can reduce radiation and conduction across the
vacuum glazing. Collins et al. [113] presented the results of pioneer work on vacuum glazing where
the thermal conductance was reduced to 0.90 Wm™2K?, the internal vacuum was stabilized for long
periods of time, the mechanical and thermal stresses were dominated, and production costs were
reduced.

Fang et al. [114] investigated both experimentally and numerically the effects of low emissivity
coatings on the thermal performance of vacuum glazing. The authors reported good agreement
and thermal performance when using one low emissivity coating. Fang et al. [115] simulated the
thermal performance of triple vacuum glazing (TVG) with one to four internal glass surfaces
coated with a low-E coating. The simulation results show that decreasing the emittance of the four
low-E coatings from 0.18 to 0.03 reduces the heat transmission U-values at the centre-of-glazing
area from 0.41 W m2 K* to 0.22 W m2 K. It was found that setting one low-E coating in both
vacuum gaps is better than setting two coatings in the same vacuum gap. Cuce and Cuce [116]
reviewed vacuum glazing technology, research, developments of products, characterization, and
performance. The overall heat transfer coefficient of vacuum glazing was reduced to 0.20 W/m?K,
significantly reducing the buildings contribution emissions. Yang et al. [117] developed slim and
light-weight vacuum insulation, tested the product, and found that the thermal conductivity is
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about 0.007 W/(m-K), sufficient to improve the insulation performance. Koebe [118] reviewed the
current and future materials and solutions for insulation and glazing for buildings, renewable
energy generation, and storage. According to the authors, integrating these new inclusions can
positively impact the energy demands of a building and reduce emissions.

Son and Song [119] investigated the heat transfer and stress distribution in the central part of
vacuum glazing. The authors evaluated the stress concentration and suggested methods to reduce
this effect. Pont et al. [120, 121] reported on recent advances in the construction and utilization of
vacuum glazing in the window industry. Vacuum glass products have less weight and low U of
about 0.2 to 0.3 Wm™K, making them excellent candidates as thermally efficient windows to
replace other types of windows satisfactorily.

Baek and Kim [122] conducted a study to evaluate the impact of vacuum glazing in reducing
emissions from apartment buildings in Korea. The results revealed that replacing existing vacuum
glazing with U-values in the range of 1.2 to 3.3 W/m?-K with U-values of 0.7 W/m?K reduced
emissions by 45%-79%. Katsura et al. [123] proposed a new structured core transparent vacuum
insulation panel to eliminate the edge sealing effect, with reduced cost, and could be easily
retrofitted to the conventional windows of existing buildings. The experimental and numerical
analysis for the range of vacuum of 0.1 Pa to 10 Pa showed that it has lower U-values and
fabrication cost.

3.2.1 Authors’ Comments

Vacuum glazing is a relatively well dominated technology, considering the recent advances in
edge sealing technology. Some developments are needed to reduce the manufacturing costs and
make them more accessible.

3.3 Windows with Multiple Panes and Filling Materials

Windows with multiple glass panes received significant research attention and continuous
development efforts to optimize the distance between the glass sheets, the number of glass
sheets, energy transmitted to indoor spaces and the impact on the thermal performance of the
window and quality of natural lighting, visual and thermal comfort and finally the filling material to
be inserted in the gap between the glass sheets [124-128]. A summary of some of the advantages
and disadvantages of each advanced inter-pane medium in real applications can be found in [124].
Other studies were conducted to improve the thermal performance of multi-pane windows by
using filling materials such as absorbing gases, inert gases, water, and PCM, Figure 9.
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Figure 9 Window with airflow and PCM.

Zevenhoven et al. [129] conducted a radiation simulation study for a building with a double
glass window with carbon dioxide as an absorbing gas to reduce heating and cooling loads. It was
shown that the calculation tool was adequate for designing a double-glazed window with gas
encapsulated in the gap to reduce energy needs. Ismail et al. [130] reported that of including
absorbing gas or PCM in the gap between the glass sheets of a double-glass window is more
effective than the ventilated double-glazed windows.

Gonzalo and Ramos [131] showed that the water flow window can reduce the ambient
temperature in the summer. The authors compared the thermal performance of water flow
glazing with conventional single panel and double-panel systems. The coolants showed potential
benefits and savings in solar energy control. Chow and Lyu [132] investigated the effects of water
flow window configurations, such as the water layer's thickness and the glass's height-width ratio.
Li and Chow [133] used a reflective coating on water flow windows and achieved an annual
reduction in the cooling load of about 22-35%.

PCM inserted in the gap in a double glass window was investigated extensively in the literature.
The optical and thermal properties of PCM are key elements for the effective operation of the
concept. Other relevant parameters as the thickness of the PCM gap and dyed PCM, were also
investigated and the results were reported in the literature [134-137]. The heat transfer process
across the PCM window was also modeled and the predictions were compared with experimental
results [138-140]. Li and collaborators [141-145] researched PCM windows and glass roofs and
investigated the effects of PCM melting temperature and layer thickness in glazed roofs. The
results showed a remarkable reduction of energy consumption of about 47.5%. Double glass
windows with PCM were evaluated individually as in [146-148] and integrated with other window
technologies as in [88, 149]

Yang et al. [150] conducted an experimental investigation on the photothermal performance of
plastic greenhouses integrating PTEs. The integration of PTEs requires an evaluation between the
different melting temperatures of PCM (PW-18#, PW-25#, PW-28#) and seasons (transition,
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autumn, winter) for a rationally designed plastic greenhouse. The results show plastic greenhouses
with PTEs substantially tune thermal energy storage/release and attenuate indoor daylight. Ma et
al. [151] proposed an innovative glazing window integrated with solid-solid phase change material
and silica aerogel. They conducted a parametric study focused on evaluating the innovative
window's implementation potential in China's severe cold region. The results show that the phase
change thermal and optical material properties are significantly relevant to the energy
performance of the buildings within 10% property variations. Compared to the 4 mm single glazing
window installed, the maximum energy saving of the building with the innovative window is about
18.22%. Moreover, to provide the full possibility of energy saving under the premise of meeting
the daylighting design standards in China, the thickness of silica aerogel is recommended to be 10
mm in the innovative window.

Yang et al. [152] conducted an experimental and numerical investigation to study the
photothermal properties of the paraffin-incorporated ZnO or CuO nanoparticles and analyze the
effect of nanoparticles on the thermophysical and optical properties of nano-enhanced paraffin.
The results show that due to the presence of the nanoparticles, the transmittance of nano-
enhanced paraffin decreases. On the other hand, temperature increment results in a slight rise in
the transmittance of nano-enhanced paraffin. The results also indicate that the utilized
nanoparticles exhibit a higher attenuation to light, and the scattering effect cannot be avoided,
about 6.3%. Improvements of 5.87 and 13.12% in thermal conductivity of nano-enhanced paraffin
at the volume fraction of 5x10* vol% are obtained.

Li et al. [153] reviewed the experimental and simulation research on the optical and thermal
performance of glazing units containing PCM. They discussed the employed research methods,
mathematical models and important conclusions drawn. Finally, the challenges and future works
of glazing units containing PCM were addressed.

Li et al. [154] provided an overview of research advances in optical transmittance, thermal
resistance, thermal inertia, and photo-thermal transmittance in glazing envelopes, with a special
focus on integrating phase change materials. The study reveals that measurement and numerical
models are inadequate to study photo-thermal transmission. Besides, it is identified that there is a
research gap in the acoustic performance of glazing systems incorporating phase change materials,
and there is a lack of database on the optical properties of phase change materials containing
nanoparticles.

Li et al. [155] proposed an innovative roof based on SA-PCM glazing systems in which the
original PCM layer is divided into five cavities for filling PCM and air. They developed a numerical
model to investigate the thermal performance and energy efficiency of the new roof. The thermal
performance of the innovative roof top is evaluated by the indicators of temperature decrement
factor and temperature time lag. At the same time, the energy efficiency is evaluated by the total
heat loss through the inner surface of the innovative roof. The results show that the thermal
performance of the innovative roof is improved with the addition of PCM. Besides, the innovative
roof's transmittance and absorptance change significantly along with the PCM fill ratio, while the
change in reflectance is slight. Additionally, the optimal energy performance of the innovative roof
occurs at an 80% fill ratio of PCM, in which the total heat loss and the energy saving rate account
for 2595 kJ/m?-d* and 11.37%, respectively.

Zhang et al. [156] proposed an innovative reversible multiple-glazing roof integrated with two
PCM, silica aerogel and low-e glass and a numerical study was performed to explore its thermal
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performance in cold climates. The new roof with and without Low-E glass were investigated and
compared with the traditional air-filled multiple-glazing roof. The results indicate that the unique
glazed roof can provide excellent thermal performance in both summer and winter and has
economic feasibility. Taking the traditional roof as a reference, the energy saving rate can achieve
14.08% in summer and 33.74% in winter.

3.3.1 Authors’ Comments

Irrespective of the tremendous amount of published results on windows with PCM, windows with
water flow the building construction market did not absorb yet these technologies. Further
development and accurate full-scale and long-duration tests are needed. New PCMs are needed to
be highly translucent to insert in double glass windows. On the other hand, windows with gas
insertion are in use and have proved to be effective in reducing heat gain and improving the
thermal performance of windows.

3.4 Windows with Aerogel

Aerogels have high porosity and low density, considered super-insulating materials due to their
low thermal conductivity and high transmittance of solar energy and daylight, making them
adequate candidates for application in energy-efficient windows as in Figure 10. The exterior
aerogel layer can provide super-insulation with a relatively low thermal conductivity at 0.018
W/(mK). The daytime solar radiation charges the interior PCM layer, and then the stored energy is
discharged during the nighttime to maintain thermal comfort.
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Figure 10 Integration of PCM and silica aerogel in windows.

Cotana et al. [157] conducted field experiments to evaluate the thermal, acoustic, and lighting
performance of glazing systems with aerogel. The results showed that aerogel decreases heating
energy consumption by about 50%, increases the fagade acoustic insulation index by 3 dB and
reduces the daily average luminance level by about 10%. lhara et al. [158] evaluated the energy
performance of aerogel granulate glazing system for the office facade. The results indicate that
the glazing facade can achieve lower energy demand than a double-glazing facade in hot climates.
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Huang and Niu [159] proposed silica-aerogel-filled super-insulating glazing system for a
commercial building. They analyzed the project using EnergyPlus and Radiance computer
programs. The results indicate that the silica aerogel glazing could retain a 4% longer thermal
comfort period than conventional single clear glazing and reduce the energy consumption of the
HVAC system by 4-7%.

Garnier et al. [160] conducted a numerical study on aerogel window and an Argon-filled coated
double-glazing window, compared the results, and found that the aerogel window showed a low
heat-loss coefficient of 0.3 W/m?K. In comparison, the Argon filled-window showed a U-value of
1.4 W/m?K. The daylight transmission of the aerogel window was significantly lower. Gao et al.
[161] presented the results of a study to evaluate the different approaches for integrating aerogel
glazings in the building industry, including quantifying the advantages and suggestions to cope
with possible difficulties and problems. Buratti et al. [162] reviewed aerogel glazing systems
focused on building applications. The authors presented the thermal and optical properties
affecting energy and lighting performance of buildings, numerical and field studies, and costs of
aerogel glazing. Zhang et al. [88] investigated numerically the energy performance of ten different
glazing configurations in the severe cold climate of China. The thermal behavior of the glass
windows filled with silica aerogel or PCM was analyzed and compared with traditional glass
windows filled with air. The silica aerogel and a PCM in triple pane windows improve thermal
comfort. Ganobjak et al. [163] developed and characterized a novel modular, translucent and
thermally insulating building component based on silica aerogel granules called the aerogel glass
brick. Both thermal and mechanical properties were tested and agreed with the available results.

3.4.1 Authors’ Comments

Application of aerogels in facades suffers from a lack of transparency and scattering effect,
limiting their use. There is a need for additional research efforts to improve the optical properties
of aerogel, especially transparency. Long-term performance and possible decrease of silica
aerogel's thermal and optical properties with aging must also be investigated.

3.5 Smart Facades and Windows

Translucent facades play a fundamental role in contemporary architecture, providing an
aesthetic appearance and natural lighting. This type of facade allows the entry of natural light into
indoor spaces and reduces reliance on artificial lighting. Using translucent materials or specialized
glass panels, these facades filter direct sunlight, avoiding excessive glare in conventional glass
windows and creating a uniform distribution of light inside buildings. This reduces energy
consumption related to lighting and improves the quality of the indoor environment, promoting
greater visual comfort for occupants [164, 165]. However, large glazed areas increase the thermal
load and energy losses. Several technological solutions address aesthetic concerns, using natural
lighting, and reducing the thermal load on the interior side or energy losses to the outdoor
environment. Figure 11 shows some of these window systems' respective overall heat transfer
coefficients (U-values). The U-value is used to characterize the thermal performance of these
systems [166].
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Figure 11 U-values for different glazing system technologies. Adapted from Akram et al.
[167].

The Solar Heat Gain Coefficient (SHGC) is another parameter that characterizes glass windows.
This parameter represents the fraction of solar radiation entering the indoor environment through
a window in the form of heat [168]. The SHGC value ranges from 0 to 1; the lower the value, the
less thermal energy is transferred to the interior of the building. Conventional window glass
typically has a high SHGC value, ranging from approximately 0.85 to 0.90, depending on the
thickness [169]. U-values below 2 and an SHGC coefficient greater than 0.6 are recommended in
cold climates where heating is required inside buildings. In temperate climates, the suggested
values are U-values below 2.5 and an SHGC greater than 0.5, whereas in hot climates with
dominant cooling loads, the U-value should be below 4, and the SHGC should be below 0.4 [169].

Smart glazing is a technology that dynamically controls the passage of incident solar radiation
by adjusting the optical properties of the material, resulting in a surface that can change from
transparent to opaque or vice versa, depending on the application or requirement. Electrochromic
smart glazing consists of multilayer electrochemical cells activated by electric current [170]. Lee et
al. [171] investigated the most relevant control parameters for electrochromic glass under
different weather conditions and window orientations. Their results indicated that monitoring the
external ambient temperature is the most effective control parameter for achieving higher energy
efficiency.

Additionally, smart glazing can be activated passively by temperature change and is then
referred to as thermochromic glass [172, 173] or by light intensity and is referred to as
photochromic glass [172, 174].

At low temperatures, thermochromic glass exhibits high transmittance in the visible region,
which decreases significantly as the temperature increases. Thus, defining the transition
temperature between the opaque and translucent glass is vital for designing and using
thermochromic windows in buildings under different climatic conditions [173, 175]. Tallberg et al.
[172] conducted a comparative energy evaluation study of smart glazing technologies used in
three locations (Nairobi, Kenya; Madrid, Spain; and Trondheim, Norway). The study was
conducted through numerical simulations on commercially available thermochromic,
electrochromic, and photochromic systems. The study confirms that this type of technology has a
greater impact on the energy performance of buildings in hot climates. Based on data from [172],
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Figure 12 was prepared to show the average Solar Heat Gain Coefficient (SHGC) values for
different innovative glazing technologies.

Smart glazing type Clearest state Darkest state

/Em 0.63-0.27 I 0.31-0.04

Thermochromic pesssp| 0.62-0.2 mmp 0.45-0.1

Figure 12 Solar heat gain coefficient (SHGC) for different smart glazing.

The integration of semi-transparent photovoltaic (PV) cells into building windows is an
innovative solution that combines the functionality of a window (allowing natural light to pass
through) with the ability to generate electricity by converting a portion of incident light [167].
Integration has been evaluated using different window technologies, such as in the work of [176]
which integrated PV cells into vacuum glazing using three distinct configurations and applied these
configurations to a skylight system. PV cells occupy only a fraction of the window area, allowing
light to penetrate the building interior. Li et al. [177] analyzed a gas-filled glazing system with
integrated PV cells in the front panel of the window. One disadvantage of generating energy
through these systems is associated with shading caused by the building itself and neighboring
buildings, which reduces the energy generation efficiency of the photovoltaic system [178].

Over time, various solutions have been presented as static techniques for the thermal control
of glazed facades. These are more established alternatives than advanced dynamic intelligent
glazing systems or the integration of PV into windows, which are still under development. Double-
glazed evacuated windows or windows filled with thermally insulating materials such as aerogels
and gases such as air, argon, krypton, and xenon are options [116, 169, 179, 180]. In addition to
these technologies, low-e coated glass panels have been widely employed commercially. They are
still under study, considering research on new nanotechnological materials or new deposition
techniques [181-183]. The solar heat gain coefficient values for different types of glazed facades
based on static thermal control techniques can be found in [184].

Sbar et al. [185] commented that using smart windows is fundamental in reducing energy in
buildings, preserving visibility, and increasing the comfort and productivity of those working inside
the building. Deforest et al. [186] used EnergyPlus to simulate the annual energy performance of
double-band electrochromic glazing in three types of buildings and 16 climatic regions of the U.S.
They showed the economic potentials of double-band electrochromic glass to a conventional
electrochromic glass including windows compatible with the ASHRAE 90-2010 standard.

Sibilio et al. [187] provided a review f the products available on the market and studies on full
scale electrochromic windows, optical, thermal, and electrical characteristics, theoretical studie,
and developed models. Aoul et al. [188] reviewed electrochromic glazing, types and properties,
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energy, and costs. The findings indicate that electrochromic glazing can reduce electricity demand
by 7-8% for average size windows and achieve savings of 6 to 11% and 8 to 15% for commercial
and residential buildings, respectively. Cannavale et al. [189] presented a review on smart
electrochromic windows and their influence in enhancing building energy efficiency, visual
comfort and reducing emissions. Brzezicki [190] provided a review of recent technological
innovations in the field of smart windows and presented the recently established functionalities
and recent general progress in electrochromic windows.

3.5.1 Authors’ Comments

Smart windows are fundamental in reducing energy in buildings, preserving visibility, reducing
emissions, and increasing the comfort and productivity of those working inside the building. The
literature indicates that electrochromic glazing can reduce electricity demand by 7-8% for average
size windows and achieve savings of 6 to 11% and 8 to 15% for commercial and residential
buildings, respectively. There is a need to reduce costs to expand its utilization in the building
industry.

4. Energy Saving Solutions for Walls and Roofs

Walls and roofs are essential components of building envelopes, which should act as barriers
against excessive energy consumption and maintain thermal comfort. The energy consumption for
heating and cooling of buildings is directly related to the thermal properties of the materials used
in their construction. The technological solutions for energy savings involving walls and roofs
include cool roofs-walls, green roofs-walls, PCM in walls and roofs, and ventilated walls and roofs.

4.1 Cool Roof and Cool Walls

The main feature of cool roofs and walls is that they have selective surfaces that enable them
to absorb less heat and remain cool when exposed to solar radiation. This behavior is directly
related to the surface's high reflectivity and low absorptivity at the spectral wavelength of solar
radiation. Emissivity also plays a fundamental role in the behavior of cool surfaces if it has a high
value in the long-wave infrared spectrum [191, 192].

The surface fraction occupied by roofs in urban areas is approximately 20-40% of the total area,
according to the technical literature [193], which, together with the condition of conventional
roofs and low-albedo pavements, causes a concentration of thermal energy that increases the
local temperature above average. This condition contributes to forming the phenomenon known
as heat islands [194]. Several studies have analyzed and identified the causes and solutions to this
phenomenon [195-198]. In addition to the positive effects on energy savings in buildings, cool
roofs also contribute to reducing the formation of heat islands in urban areas [196]. However, one
of the negative aspects of high-albedo roofs is that they can cause visual discomfort in cities due
to excessive brightness caused by high reflectivity.

Cool walls and roofs can be obtained by using or applying various materials on their surfaces. The
literature reports the use of multiple materials, such as bright white selective paints, elastomeric,
polyurethane, or acrylic coatings, metallic-colored asphalt membranes, and ceramic-based cool
tiles, whose emissivity is naturally high (0.85-0.93) [193, 195]. Herndndez-Pérez et al. [199]
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presented a review on the application of reflective materials on buildings” walls and roof. The
thermal performance of these materials has been analyzed using different methodologies
including computational fluid dynamics, building simulation, monitored buildings, calibrated
simulation, and mesoscale modeling, among others. The results obtained including the main
characteristics of the models and the optical properties of the standard and cool materials. The
urban overheating, driven by the increasing expansion of our cities and the global climate change,
is becoming one of the main environmental challenges of today. Consequently, cooling
technologies are emerging as mitigation and adaptation strategies. Reflective roof and pavement
surfaces have been widely studied for their potential benefits, but detailed evaluations of the
effect of wall albedo on the urban microclimate are limited [200]. The authors addressed this gap
by evaluating the effects of reflective walls on urban energy use and outdoor climate.

The accumulation of dust on cool roofs causes a reduction in albedo, which deteriorates cooling
capacity. However, a predictive maintenance process involving the cleaning and renewing the
selective paint layer can restore the maximum cooling potential [196].

Sameera et al. [201] synthesized nanostructured zinc aluminate (ZnAl,Os) pigments and
investigated their applicability in cool roofs. Tests were conducted on a bare concrete slab and a
concrete slab coated with TiO,. The results showed a total solar reflectance value of 0.89,
compared to the value of 0.87 obtained with the TiO,-coated slab and the importance of 0.27 of
the bare concrete sample.

In a recent study, [202] classified green roofs based on their surface reflectance and emissivity
levels. According to the authors, conventional cool roofs have a solar reflectance of 0.7 to 0.94 and
an infrared emissivity of 0.75 to 1.0. Super cool roofs are those with a reflectance of 0.95 to 1.0
and emissivity of 0.95 to 1.0. Temperature-adaptive tops are those whose color can change with
temperature and adapt to environmental conditions. In regions with hot summers, it is desirable
to have surfaces with high reflectivity, whereas in cold winters, the opposite is true. This is
possible with thermochromic innovative materials [203]. Perez et al. [204] presented two
enhanced methodologies for characterizing thermochromic materials for building facades. Fabiani
et al. [205] presented a study involving the experimental characterization of a thermochromic
material that changes from black to translucent at a transition temperature of 303 K. The authors
formulated an analytical model to simulate the problem, and the numerical predictions were
validated with experimental data.

4.2 Green Walls and Roof

Green walls and roofs gained popularity in recent years as a way to improve the sustainability
of buildings and mitigate the negative impacts of urbanization. One of the benefits of this concept
is the reduction in energy consumption for cooling and heating, improvement in indoor air quality
[206], carbon sequestration [207, 208], and mitigation of urban heat island effects [196]. In
addition, they can increase the aesthetic aspect of buildings and promote the mental health and
well-being of the occupants. Shafique et al. [209] discussed green roofs' social, environmental, and
economic benefits.

Green walls involve vegetation to cover the external or internal walls of buildings, while green
roofs involve the use of vegetation to cover the top of a building. Green roofs consist of several
layers, which should include vegetation, a substrate, a filtering layer, drainage material, insulation,

Page 33/54


https://www.sciencedirect.com/topics/engineering/computational-fluid-dynamics
https://www.sciencedirect.com/topics/engineering/mesoscale
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/science-and-technology
https://www.sciencedirect.com/topics/engineering/pavements
https://www.sciencedirect.com/topics/engineering/albedo
https://www.sciencedirect.com/topics/engineering/microclimate
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/urban-energy-use

JEPT 2023; 5(4), doi:10.21926/jept.2304031

a root barrier, and a waterproof membrane in contact with the base (Figure 13, adapted from
[209]). It is essential to select plants with root systems compatible with the substrate layers used
in each application.

Vegetation

Insulation

Figure 13 Typical components of a green roof.

Blue-green roofs (BGRs) represent an advancement about green roofs due to their greater
capacity for rainwater retention. This is possible because their construction method involves an
additional layer for water storage (blue layer) at the base of the roof [206].

The impact of green roofs on carbon sequestration occurs indirectly because of the reduction in
energy consumption for heating and cooling in buildings and directly through vegetation and
substrate. Shafique et al. [208] reported average values of direct carbon sequestration that vary
between 1.22 kg CO,/m? per year and 1.89 kg CO»/m?. Charoenkit and Yiemwattana [207]
analyzed the role of plants in a green wall on carbon sequestration and thermal performance in a
tropical climate region. Wang et al. [196] conducted a comparative evaluation of the effect of
green roofs and cool roofs on human comfort. The study was conducted in Berlin, and the results
indicate that both solutions improve urban thermal comfort. Cool roofs showed a greater
Universal Thermal Climate Index reduction than green roofs at night.

Yasdani and Baneshi [210] also conducted a numerical comparative study between green roof
and cool roof, which is thermochromatic and can have different reflectance values. Green roofs
are the best option in hot and humid climates, whereas thermochromatic roofs have an advantage
for hot summer and cold winter regions. Compared with the conventional concrete roof, the
annual energy demand reduction can vary from 21% to 66% with green roofs and from 22% to 35%
with thermochromatic roofs.

In an experimental study conducted in an urban area of Belgrade, Serbia, the use of a green
roof on a school building during the summer was analyzed [211]. The results showed that the
vegetative cover on the roof reduced the temperature fluctuations inside the building and helped
to reduce the heat flux by 57%.

The behavior of green roofs in a single-story residential building in three locations was studied
by [212]. The annual energy performance was investigated based on calculating thermal loads and
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air-conditioning consumption. In all three areas, the green roof effectively reduced energy
consumption.

In an experimental study conducted by [213] in Vancouver, Canada, three test modules were
analyzed, one of which was a green roof, the second a conventional roof, and the third a green
roof without vegetation. The results confirm the reduction in temperature fluctuations and lower
peak temperatures in the lower layers of the top. The results also showed more excellent
rainwater retention by the vegetative cover, allowing for better water management.

Avila-Hernandez et al. [214] analyzed the benefits of green infrastructure (walls and roofs),
such as energy and temperature reduction, carbon dioxide sequestration, and optical properties of
leaves and highlighted regulations and laws related to green infrastructure in Mexico.

4.3 Walls and Roofs with PCM

Phase change material walls and roofs are a building envelope that incorporates materials
capable of absorbing and releasing thermal energy during phase transitions [215-217]. In addition
to the storage of thermal energy through latent heat, a portion of the stored energy occurs
through sensible heat in both the phase change material and the walls and roofs. With objectives
similar to the other technigues, PCM walls and roofs can be designed to regulate indoor
temperatures and reduce energy consumption for heating and cooling (Figure 14).

Brick PCM
Cement
Plaster
' B [ coating
Outside : Inside

Figure 14 PCM incorporated in a brick wall.

Studies have shown that PCM walls and roofs can reduce the energy consumption for cooling
by up to 50% and heating by up to 25%, as well as improve indoor thermal comfort [216, 218, 219].
However, the cost of PCM materials and their installation can hinder their widespread adoption.

Several techniques can be used to incorporate phase change material (PCM) into walls and
roofs. Some of these techniques involve macro encapsulation of the PCM and incorporation of
capsules into the building material [76, 220-222]. Another interesting, simple, and cost-effective
method is directly incorporating PCM into building materials (such as mortar, plaster, or concrete)
during preparation. However, this can present problems and challenges concerning PCM leakage
and mechanical properties [223]. Another alternative is the micro-encapsulation of PCM and its
incorporation into mortar or coatings, paints, or additives that can be applied directly to the
surfaces of walls and roofs [224-226]. Finally, inserting layers of PCM interspersed within the
structure of roofs as an insulating layer is a widely explored technique [215, 216].
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The phase change materials used in walls and roofs are typically the same as those used in
latent heat thermal energy storage processes. To achieve thermal comfort, the phase-change
temperature should be 10-30°C, considering applications in both hot and cold climates [215, 227].

4.4 Ventilated Walls and Roofs

Ventilated walls and roofs are building envelope systems that allow air circulation between the
outer cladding and the insulation layer. This air movement provides benefits, such as increased
thermal insulation, improved air quality, and reduced moisture buildup. Ventilated walls and roofs
have been widely used in warm and humid climates to mitigate the effects of heat gain and
moisture accumulation. Contrastingly, ventilated systems can improve insulation and reduce
energy losses to the outside in colder climates. In both cases, using ventilated walls and roofs
provides an opportunity to increase the energy efficiency and sustainability of buildings.

Various configurations for ventilated walls and roofs that depend on the cooling or heating
needs as well as other specific project conditions. Figure 15 shows some basic configurations of
the ventilated walls and roofs. The schemes in Figures 15a and 15b can be used for natural cooling
processes in hot climates, whereas the method in Figure 15c is suitable for passive heating in cold
temperatures. Airflow can be naturally induced by buoyancy forces or forced by a pumping system.
In the case of roofs, an additional covering above the conventional roof forms a channel for air
passage, which can passively flow if the top is inclined (Figure 15e) or needs to be forced if the
roof is flat (Figure 15d).

£ O

Figure 15 Basic schematic representations of ventilated walls and roofs.

In a study involving experimental and numerical methodologies, Rahiminejad and Khovalyg
[228] they analyzed the thermal resistance of ventilated walls. Walls with passive and active
facades were compared, with the airflow region positioned between the facade and the structural
part of the wall. According to the results, the ventilated cavity acts as an insulation layer with a
higher thermal resistance than some of the solid materials used in wall assemblies. In a long-term
study conducted in a real-scale test facility, the same authors [229], analyzed the impact of varying
external conditions, facade orientation, and wall thermal inertia on the airflow velocity in the
cavity. They found that the thermal resistance of the ventilated cavity varies dynamically and is
generally higher in the summer than in the winter. In addition, the potential heat flow collected
from the ventilated cavity reached 158 kWh/month, offering an additional energy source for
buildings.

The combination of a solar chimney and a ventilated wall was studied by [230]. One benefit of
this system is that it improves building ventilation and reduces energy consumption. A theoretical
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model was used to predict the airflow rates through wall and roof solar chimneys. The advantages
of the combined systems were highlighted, along with the need for further research on their
integration and application.

Other fundamental aspects analyzed include moisture transfer and acoustic, structural, and
durability behaviors. Borodulin and Nizovtsev [231] presented a mathematical model to calculate
heat and moisture transfer in ventilated facades. The model was applied to a long-term study and
focused on a specific type of facade system and climate. De Masi et al. [232], in a long-term study
in a Mediterranean environment, reported that ventilated facades are a solution to control the
moisture content of building envelope materials, ensuring a healthy environment and preventing
structural damage. Their results indicated that wall ventilation did not increase heat losses in
winter for a humid and rainy climate. Colombo et al. [233] evaluated new panels' durability and
thermal performance for use in ventilated walls. The tests were conducted in an experimental
facility and the samples exposed to the external environment were monitored for 12 months.
Accelerated tests were also conducted to determine the material's thermal expansion coefficient.

The applied studies focused on the practical implementation of technology in energy-efficient
building projects and evaluating their performance under natural conditions. The assessment of
buildings in different states and climatic regions, long-term monitoring, and the application and
development of standards and regulations are some topics included in the range of reported
works. Pujadas-Gispert et al. [234] reported on the design and thermal performance analysis of a
ventilated facade applied to a building in Dubai. The temperature monitoring results on the front
show that it contributes positively to achieving lower temperatures inside the building, particularly
during the hottest hours of the day. Brozovsky et al. [235] investigated experimentally the
hygrothermal performance of ventilated air spaces located on the walls and roof behind different
cladding materials in a zero-energy building. The durability and performance of envelopes in
buildings were analyzed with a focus on tightness, ventilation, and moisture management. The
experimental study involved capturing measurements over a period of 2 years between 2020 and
2022.

4.4.1 Authors’ Comments

Efficient technological solutions for energy savings in buildings include green roofs and walls,
use of PCM, ventilated walls and roofs, and optically selective materials for building cool walls and
ceilings. These technologies effectively reduce energy consumption for cooling and heating and
can contribute to reducing the effect of heat islands in large urban centers. Table 4 gives details,
based on the consulted references, of some impact of the technological solutions described in this
topic on indoor air temperature and CO; emissions.

Table 4 Effects on indoor air temperature and CO; emissions.

Reduction of indoor CO; emissions reduction

Technolo Ref.
&y air temperature (°C) (kgcoz2/m?/year)
0.6-1.6 6-50 [192]
0.9-4 1.31-3.68 [193]
Cool roof and cool walls
5.5-11.5 - [202]
0.2-0.5 - [205]
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1.47-3.52 8.7-103-6.1-102 [207]
0.2-3.98 0.313-1.89 [208]
Green Walls and roof
2.16-2.54 - [212]
1.3-13.7 - [213]
0.19-2.2 - [198]
- 10.3-52.7 [218]
6.4-9.9 - [220]
.25-5.7 - 221
Walls and roofs with PCM 0.25-5.75 [221]
0.1-1.0 - [222]
0.8-2.3 - [225]
0.8-3.42 23.3-29.9 [226]
5.8 - [227]
>1 - 22
Ventilated walls and roofs 0 [229]
2.0-12.0 - [234]

5. Conclusions

Some technological solutions for energy savings in buildings were discussed, and some
significant results are highlighted below.

1.

The energy consumption of buildings is significant due to heating, ventilation, and cooling
systems which are affected by the thermal properties of the materials used in the
construction. Hence, incorporating energy-efficient basic construction materials such as
mortars, concrete and bricks into the building envelopes and components can be a valuable
option.

PCM- mortars and concrete were thoroughly studied, and the results show that the mix has
favorable thermal properties. PCM increases the thermal mass of building materials and
decreases thermal cracking.

. The use of demolition wastes as bricks and ceramics and also recycled plastics for the

production of concrete and bricks incorporating PCM increases the thermal properties of the
final product, makes it economically sustainable, reduces the need for fine aggregate,
improves corrosion resistance and makes concrete lighter but reduces the mechanical
properties.

Several emerging technologies are underdevelopment and can help reduce costs and energy
usage in the building sectors besides reducing emissions and recycling waste. These
technologies include the development of geopolymer binders that can replace Portland
cement and the use of 3D printing technology in the construction of buildings.

. This literature review reveals several strategies to reduce energy consumption and

emissions in buildings while keeping thermal comfort. Among these strategies is using smart
materials for walls, roofs, windows, and facades.

Buildings with large window areas tend to have more heat gains/losses through the glazing
systems, which may cause visual and thermal discomfort and increase the cooling and
heating loads. In this case, the use of solar control films, besides being less expensive,
promotes thermal comfort and reduces excessive luminance and visual glare. Also, low-
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emissivity coatings for glazing are widely used due to their proven effect on energy
efficiency and consumption.

. Windows with gas insertion effectively reduce heat gain and improve the thermal

performance of windows, but the cost is relatively high.

. The transparency of the aerogel and color shift due to the scattering phenomena limit the

use of aerogel in windows.

. Smart windows reduce the energy in buildings, preserves visibility, and increases the visual

and thermal comfort and productivity of those working inside the building, but the cost is
relatively high.

10. Some technological solutions for energy savings in buildings are focused on walls and

roofs,including green roofs and walls, use of PCM in walls and roofs, ventilated walls and
roofs, and optically selective materials for building cool walls and roofs.

11. Studies have shown that PCM walls and roofs can reduce the energy consumption for

cooling by up to 50% and heating by up to 25%, as well as improve indoor thermal comfort.

12. The phase change materials used in walls and roofs are typically the same as those used in

latent heat thermal energy storage systems. To achieve thermal comfort, the phase-change
temperature should be 10-30°C, considering applications in both hot and cold climates.

6. Perspectives of Future Research and Developments

The review shows some research gaps and opportunities for the development of materials and
products to make the building sector more sustainable and energy efficient. Some possible topics
are listed below.

6.1 Energy Efficient Construction Materials

1.

Research and development are required to reduce the cost of PCM-based construction
materials to enhance their widespread application in buildings.

Mortars - PCM mix requires further research and developments to find materials and
insertion processes that eliminate PCM leakage, eliminate possible reduction in mechanical
strength, and reduce degradation with time and thermal cycling.

Using PCM in concrete still requires further research and development and long,long-
duration tests to evaluate possible aging impacts.

There is a need to develop standard testing procedures for measuring the thermal
properties of inhomogeneous PCM-concrete composites.

PCM filled bricks can provide heat modulation in energy-efficient buildings. However, some
relevant issues need to be addressed, such as leakage, aging and cycling effects, and long-
term tests to ensure reliability and thermal performance in full-scale tests and reduce
manufacturing costs.

Real-time studies in buildings, annual/seasonal analysis, and techno-economic assessment
need to be addressed.
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6.2 Thermally Efficient Windows and Facades

1. There is a need for further research and industrial development on the ageing effects of low-
e materials and products and the impacts when applied in buildings.

2. More research and development are needed to reduce the fabrication cost and improve the
long-term vacuum pressure stability in the vacuum-glazed bright window.

3. Double glass window with inserted PCM or water flow needs more research to include
relatively translucent PCM and investigate the change of water optical qualities with ageing
and sealing degradation with time and temperature.

4. Long-term performance and possible decrease of silica aerogel's thermal and optical
performance with aging.

5. The smart windows cost is too high, and research and development efforts are necessary to
reduce the cost and facilitate their acquisition and utilization in standard residencies.

6. Low-e-coated glass panels are still under investigation to develop nanotechnological
materials and new deposition techniques.

7. Advanced dynamic intelligent glazing systems and the integration of PV into windows
require more research and development.

6.3 Energy-Saving Solutions for Walls and Roofs

1. Research is ongoing to develop cost-effective PCM materials and optimize the design and
integration of PCM walls and roofs into buildings.

2. More research and developments are needed to investigate surfaces with selective coatings
to obtain cold surfaces for walls and roofs.

3. Investigate the use of thermochromatic materials on walls and roofs to reduce the indoor
temperature, evaluate the performance, aging effects, durability, and economic viability.

6.4 Energy Saving Solutions for Buildings Heating and Cooling

1. Bio-PCM and bio-PCM composites should be preferred and adopted as part of sustainability
goals as they have a lower environmental impact than industrial products. Additionally, PCM
composites can be an excellent solution to the supercooling limitation of some PCM types.

2. Characterization of bio-PCM and composites is required to provide data for accurate
investigations.

3. Further and long-duration investigation on PCM integration should meet the compromise
for all seasons, not only, summer/winter.

4. Long performance stability is another challenge to be addressed to ensure the viability of
PCM integration into building envelopes.
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