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ARTICLE INFO ABSTRACT

Keywords: Improving energy efficiency in buildings is central to achieving the goals set by Paris agreement in 2015, as it
Porous materials reduces the energy consumption and consequently the emission of greenhouse gases without jeopardising human
Buildings comfort. The literature includes a large number of articles on energy performance of the residential and com-
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Passive techniques
Paris agreement

mercial buildings. Many researchers have examined porous materials as affordable and promising means of
improving the energy efficiency of buildings. Further, some of the natural media involved in building energy
technologies are porous. However, currently, there is no review article exclusively focused on the porous media
pertinent to the building energy technologies. Accordingly, this article performs a review of literature on the
applications, modelling and experimental studies about the materials containing macro, micro, and nano-porous
media and their advantages and limitations in different building energy technologies. These include roof cooling,
ground-source heat pumps and heat exchangers, insulations, and thermal energy storage systems. The progress
made and the remaining challenges in each technology are discussed and some conclusions and suggestions are
made for the future research.

1. Introduction

Energy consumptions in buildings are constantly ramping up due to
the increase in human population and rapid growth of building con-
struction in urban areas. As an example, residential buildings consume
21.7% of the total energy produced in the United States [32]. As an-
other example, currently, heat accounts for nearly half of the energy
consumption in the United Kingdom and about a third of the carbon
emissions in this country [62]. Around 80% of heat is used in houses
and other buildings, and the remaining 20% is used in various in-
dustrial sectors in the UK [62]. The energy issues associated with
thermal management of buildings directly affect the environment,
economy, and living standards. These problems are tangled with the
ongoing worldwide crises including the high cost of energy and the
urgent needs to decrease the emissions of greenhouse gases. Conse-
quently, many researchers have focused on improving the energy effi-
ciency in buildings as an essential priority. Many active and passive
techniques have been developed in this regard. Amongst these, using
porous materials has received significant attention. This is because of
the fact that these materials have a relatively low cost and a great
potential to improve the energy efficiency of buildings.

Recently, De Boeck et al. [12] performed a review on improving the
energy performance of residential buildings. They did not consider non-
residential buildings in their review. This review revealed that most
existing investigations have been focused on European buildings and
the Asian buildings have received much smaller attention. Considering
the significant population and rapid urban growth in Asia, this finding
highlighted the importance of extension of research to Asian buildings.
In this research, the attention of the authors was on the works about
energy optimisation in residential buildings. Omrany et al. [92] re-
viewed the potentials of passive wall systems for improving the energy
performance in buildings. They identified the Trombe walls as a sui-
table system capable of reducing the energy consumption of building.
This work was exclusively focused on the types of walls used in
buildings. Other parts of buildings such as roofs, floors, and windows
were not covered by these authors. Ruparathna et al. [104] performed a
review on the approaches used to improve the energy yield of operating
commercial and institutional buildings. They stated that some im-
portant factors such as design, safety risks, installation, and regulatory
barriers along with new technologies must be investigated before they
are applied in practice. Authors in this article reviewed a number of
new technologies such as installing sensors, automated lighting
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controls, enthalpy exchangers, changing building fenestration geo-
metry, upgrading chillers, etc. to improve energy yield in buildings.
Valladares-Rendon et al. [122] recommended the effective passive so-
lutions to reduce insolation and to enhance energy savings for solar
cooling systems used in buildings. Facade self-shading, shading devices,
window-to-wall-ratio, and building orientation were the four factors
investigated in this article. Asdrubali et al. [4] conducted a review on
structural, thermo-physical, acoustical, and environmental properties of
wooden materials for building applications. They recommended
wooden materials with excellent strength-to-weight ratios, thermal in-
sulating, and acoustical properties that can be used for various appli-
cations in building.

Porous materials are of significant scientific and technological in-
terests for energy conversion and storage [68]. These materials include
a solid matrix with inter connected pores. Based on the physical
properties of these materials, they may be utilized for various purposes
in energy systems. These include adsorption systems, thermal energy
saving systems, insulation systems, evaporation systems, and geo-
thermal systems [121].

The fundamental characteristics of these materials especially the
fundamental transport phenomena in porous media are discussed in
monographs and handbooks in this area (e.g. [56,88,121]). The appli-
cations of porous materials in different energy systems have already
been reviewed. Rashidi et al. [100] investigated the applications of
porous materials in solar energy systems in a review article. Applica-
tions of porous materials in solar chimneys, collectors, heat ex-
changers/heaters, ponds, stills, and the thermal energy saving units
used in solar systems were reviewed in this work. Kasaeian et al. [55]
reviewed the nanofluid flow and heat transfer in porous media. They
stated that the thermal efficiency of ducts improve by creating high
surface area contact porous materials.

Usually, buildings have a poor energy performance [103]. Accord-
ingly, it is important to improve this energy performance by reasonable
and affordable techniques. One of these techniques is through using
porous materials for different targets in building energy systems. There
are a large number of articles about building energy efficiency. Many
researchers have used porous materials to improve the efficiency of
energy in buildings. Further, some of the natural media involved in
building energy technologies are porous. However, currently, there is
no review article specifically focused on the porous media pertinent to
the building energy technologies. The objective of this work is to review
the applications of porous materials in building energy systems. These
systems are roof cooling, ground-source heat pumps and heat ex-
changers, insulation and thermal storage systems.

Applications of the porous materials in these systems are presented
as follows.

® Ground heat pumps extract energy from the ground using borehole
heat exchangers. Indeed, boreholes are surrounded by the porous
soil/rock. The soil temperature distribution, soil humidity content,
thermal properties of the soil, groundwater movement, and possible
freezing and melting of the water content in the soil as a porous
material are some parameters that affect directly the performance of
ground heat pumps. Thus, analysis of the characteristics of soil as a
porous material is important for designing these devices.

Usually, insulation materials have porous fibres or foam natures.
These materials should have the lowest possible heat conductivity,
while at the same time they have to be structurally stable. Selecting
porous material with lower thermal conductivity and high structural
stability is important for insulation purposes.

Using humid porous materials on the surface of the roof results in
cooling effects caused by the passive water evaporation. When heat
transfer occurs between the upper surface of the roof and atmo-
sphere, liquid water diffuses from the internal substrates to the
surface and evaporates in there and therefore generates a cooling
effect. Accordingly, evaporative cooling through using porous
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materials is recognised as an efficient technique for roof cooling
targets.

An interesting possibility in building application is the impregnation
of phase change materials into porous construction materials used in
buildings (e.g. gypsum, concrete, plasterboard, etc.) to enhance
thermal mass. Note that saving thermal energy by phase change
material plays an important role in cooling and heating of buildings.
Porous materials such as screens, shelters, filters, porous ceramic
and porous baffles can be used for controlling the thermal energy of
building.

2. Mathematical modelling of transport phenomena in porous
media

The governing equations for simulating the flow and heat transfer in
porous media are presented in this section [88]:

2.1. Continuity equation

By volume averaging of the general continuity equation over a
porous medium, the continuity equation can be presented in the fol-
lowing form:

)
o
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where pg, €, t, and V are density of fluid, porosity, time, and velocity of
flow, respectively. It is recalled that the porosity of a porous medium is
defined as the ratio of void space volume to the total volume of the
porous medium.

2.2. Momentum equation

There is a general model, known as Brinkman-Forchheimer-ex-
tended Darcy model, for simulating fluid flow through porous media
which considers both the inertial and boundary influences, and the
quadratic drag. This model can be presented in the following form:
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where p, K, and Cy are pressure, permeability, and Forchheimer coef-
ficient, respectively. This equation is obtained through local volume
averaging and matched asymptotic expansions. Moreover, the volume-
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averaged fluid velocity, l_}, inside the porous layer with porosity ¢ is
related to the Darcy velocity vV through Dupuit-Forchheimer relation-
ship, as v = 57. Forchheimer coefficient, Cp, is given by the following
relation:
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2.3. Energy equation

Heat transfer through a porous medium can be simulated using
energy equation. This equation can be presented for two conditions
including local thermal equilibrium and non-local thermal equilibrium.
For local thermal equilibrium, the temperature gradient at any location
between the two phases in the porous media is assumed to be negligible

oT
(pc)mg + (pc)fV. VT = V. (k, VT), @

where (pc),, and k,, are the total heat capacity per volume and the
thermal conductivity of the porous medium, respectively. These
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parameters can be calculated by:
(PC)m = (1 - 5)(pc): + E(PCp)f,

kp =Q = e)ks + e(k)y,

(5)
(6)

where subscripts s and f denote the solid and fluid phases, respectively.
For non-local thermal equilibrium, there is a considerable temperature
difference between fluid and solid phases in the porous medium. Hence,
a separate energy equation should be written for each phase. For solid
phase, the energy equation can be written in the following form:

(1 - DS = (1= V. (KVT) + h(Ty - )

@
Further, this equation for fluid phase takes the form of
oTy
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where c and ¢, are the heat capacities of solid and fluid phases, re-
spectively. The heat transfer coefficient, h, can be calculated by

h= 6(1 —¢) e
d, €)]
An empirical equation can be used to calculate h” as follows:
*— dp &
Nufskf ﬁkS ’ (10)

where (3 and dp are a constant and particle size, respectively. The value
of 3 is equal to 10 in the case of spherical particles. Finally, the fol-
lowing equation can be used to calculate Nug:
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The above equation is valid for Re, < 10. However, for smaller Re,,
Nug can be estimated in the range of 0.1-12.4.

3. Applications of the porous materials in building energy systems
3.1. Ground heat pumps

Ground heat pumps have been widely developed as heater and air-
conditioner in commercial, institutional, and residential buildings [7].
These systems largely utilize the solar energy that has been stored in the
shallow depth (around between 50 m and 400 m) of the ground and
only a small part of their energy comes from a truly geothermal source
[7]. Generally, ground heat pumps extract energy from the ground
using borehole heat exchangers that can be placed in the ground hor-
izontally or vertically [125,7]. Borehole heat exchangers include a
number of boreholes in the form of a U-shape pipe. A heat transfer
liquid is circulated in the pipe and exchanges heat with the ground.
Usually, vertical boreholes are preferred in comparison with the hor-
izontal ones as less ground areas are needed in this configuration [30].
Fig. 1 shows a vertical, borehole ground heat exchanger. Regardless of
the configuration of the boreholes, the main purpose of their utilisation
is to exchange heat with the ground, which is a natural porous medium.

Boreholes are grouted with materials that make a thermal contact
between the pipes in the boreholes and the surrounding porous soil/
rock. There are many factors affecting the performance of this system
and therefore should be closely considered in the design and optimi-
sation stage. These include the soil temperature distribution, humidity
content, thermal properties, groundwater movement, and possible
freezing and melting of water amount in the soil as a porous material. In
reality, the boreholes in depth of 400 m may penetrate several geologic
substrates containing unsaturated, semi saturated or fully saturated
layers. Generally, the subsurface above the water table is an un-
saturated zone in which pore includes both air and water. Below the
water table, soil is saturated and there is groundwater that moves
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Fig. 1. Vertical borehole ground heat exchanger (Reprinted from Diao et al.
[30] with permission from the publisher).

between the grains of geologic formations in response to hydraulic
gradients. The characteristics of an unsaturated porous medium are
very different to those of a fully saturated one. In a saturated zone, heat
transfer is due to a coupled process of heat conduction in the solid
matrix of soil and water in its voids and heat advection by motion of
groundwater. However, there is no heat advection in an unsaturated
porous medium. In the followings, an overview is given on the in-
vestigations done on saturated and unsaturated soil as apply to ground
heat pumps.

3.1.1. Experimental studies

Chen et al. [22] investigated experimentally heat and humidity
transfers in an unsaturated soil during soil heat charging for a solar-soil
source heat pump system. They concluded that the humidity transfer
and the required time for reaching soil temperature stability are under
the influence of the initial volumetric water content. Gao et al. [36]
improved the thermal efficiency of a horizontal ground heat exchanger
by using rainwater harvested in an unsaturated soil. The thermal con-
ductivity of soil enhances by enhancing the level of humidity. In-
creasing the thermal conductivity is useful to improve the heat transfer
and thermal efficiency of ground heat exchangers.

3.1.2. Numerical/theoretical studies

Some researchers considered the ground as a saturated porous
medium. Diao et al. [30] investigated analytically the effects of
groundwater flow on the performance of geothermal heat exchangers
used in ground heat pumps. They considered advection of groundwater
in a saturated soil as a porous medium. It is noted that the heat transfer
in aquifers may be considered as a coupled process of heat conductive
through the solid zone and liquid in the pores and heat advection by
flowing groundwater [30]. They found that liquid advection in the
porous material may change considerably the temperature field [30].
Shang et al. [112] developed a numerical model to investigate the geo-
temperature change in operation and recovery periods of ground-source
heat pumps. They used the classical theory of transport in porous media
in their model and considered the porous material as a saturated
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medium. Shang et al. [112] concluded that soil porosity, thermal con-
ductivity, and backfill materials can significantly affect the thermal
recovery of soil. It was observed that the process of soil temperature
recovery accelerates as the soil thermal conductivity increases and the
soil porosity decreases [112]. Given that the performance of the unit is
heavily dependent upon the soil temperature recovery, this was an
important finding. In a numerical work, Bottarelli et al. [13] coupled
the phase change materials and ground heat exchangers on the basis of
a drainage trench. The trench dug was filled with encapsulated phase
change materials. Ground was modelled as a porous medium (saturated
soil) in the numerical simulations. They showed that phase change
materials offer more suitable and stable values of the working liquid
temperature in comparison to the cases without this material. Lous
et al. [74] investigated numerically flow and heat transport for a pro-
found borehole heat exchanger in a synthetic aquifer system. They used
a saturated porous medium with variable thermal conductivity. They
performed a sensitivity analysis to specify the parameters affecting the
transport phenomena and thermal performance of this system. They
found that in borehole heat exchangers, porosity, geothermal flux, and
thermal conductivities of the solid and the grout have the significant
influences on the heat exchange process between the heat exchanger
and the surrounding soil. However, the factors related to convection
heat transfer including specific flux and thermal dispersion have only
minor influences on borehole heat exchangers for small groundwater
velocity (< 1077 ms™!) typical of sedimentary aquifer system [74].
Erol et al. [33] investigated analytically the temperature distribution in
the ground (saturated soil and rocks) for single and multi-boreholes
heat exchangers. They considered discontinuous heat extraction,
thermal advection, conduction, and dispersion in porous material,
while in earlier investigations the problem had been solved only under
continuous heat loads. Erol et al. [33] took Green's function approach to
solve thermal advection, conduction, and dispersion equations in
porous media. These authors observed a linear relation between
thermal conductivity of the soil and the rate of heat extraction for
multi-borehole heat exchangers [33]. Yang et al. [131] investigated
numerically the influences of soil freezing on temperature distributions
of soil near the ground heat exchangers. Under saturated condition,
they found that the soil temperature with freezing is higher in com-
parison to unfreezing one and accordingly, freezing increases the heat
transfer efficiency of ground heat exchanger. As a result, the soil
freezing should be taken into account in the design of ground heat
exchangers for cold regions. Chen et al. [23] investigated the heat
transfer of a vertical ground heat exchanger in a saturated soil by nu-
merical modelling and a multiple regression approach. They presented
nine equations by regression model with the effects of nine parameters.
These included thermal conductivity, volumetric heat capacity, input
flow, input water temperature, soil porosity, Darcy's speed, and bore-
hole profundity. Chen et al. observed that the efficiency of a ground
heat exchanger is mainly affected by input water temperature, input
flow, Darcy's speed, and borehole profundity. Nonetheless, the volu-
metric heat capacity and soil porosity have negligible effects on the
efficiency of a ground heat exchanger.

Unsaturated porous media have been also investigated by modellers
of ground-source heat pumps. Gopalakrishnan and Manik [38] used
finite difference method to predict the isothermal soil moisture profiles
and the motion of soil moisture above the ground water table. Evan-
gelides et al. [34] estimated analytically the unsaturated soil humidity
profile and obtained soil water diffusivity by using this profile. They
found that the accuracy of the results is extremely dependent upon the
soil humidity profile length and infiltration measurements. Wang et al.
[126] investigated mathematically the effects of heat and humidity
transports on the specifications of the ground heat pump systems op-
erating in unsaturated soil. They considered sand, loam, and clay as
porous materials. Wang et al. [126] found that heat diffusion in sand is
superior to loam and clay while, the humidity diffusions of sand and
clay are superior to loam. Most recently, Shang et al. [111] repeated the
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analysis of Shang et al. [112] for an unsaturated medium. They re-
ported that the unsaturated porous model has a greater agreement with
the experimental results in comparison with the saturated one [111].
Moreover, these authors found that the soil temperature reduces by an
increase in the infiltration impact factor in shallow soil. It should be
noted that the infiltration process in soil humidity causes the horizontal
or vertical flows of humidity inside the soil under influences of irriga-
tion or rainfall. However, irrigation and rainfall are significant drivers
of the soil-liquid motion [111].

3.1.3. Combined experimental and numerical studies

Zhao et al. [132] investigated experimentally and theoretically the
heat transfer of saturated soil around a coaxial ground heat exchanger.
They used theoretical models to mitigate the limitations of their ex-
perimental device. These authors observed that in winter days, thermal
conductivity of the soil near the coaxial ground heat exchanger in-
creases with enhancing moisture amount. However, an opposing be-
haviour was observed on summer days. Vasilyev et al. [124] in-
vestigated the thermal influence of ground humidity condensation/
evaporation on heat transfer in the unsaturated sand out of a borehole.
They found that the ground pore humidity condensation has a con-
siderable effect on the efficiency of ground heat pumps. It should be
stated that the pore humidity condensation or evaporation leads to a
quick reduction in the ground heat conduction and obstructing the heat
flow to the borehole. This, subsequently, affects the efficiency of ground
heat pumps.

3.1.4. Methods for determining thermal conductivity and thermal resistance
of soil

Thermal conductivity and thermal resistance of soil as a porous
material are major factors in the sustainable and technical fabrication
of groundsource heat pumps [125]. A commonly used technique to
measure these parameters is the thermal response test (TRT). Generally,
a TRT system contains a borehole, circulation pump, pipe system, a
cooler or heater with fixed power rate, and continuous recording of the
input and output temperatures of the water [125]. The information of
TRT (i.e. temperature distribution in the borehole at a certain energy
extraction or injection) can be used to measure the effective thermal
conductivity of the soil and the thermal resistance of the borehole.
Wagner et al. [125] performed a numerical sensitivity analysis on the
thermal response tests to investigate the primitive influences. They
studied the effects of different parameters on the effective thermal
conductivity and the borehole resistance. These parameters included
the location of the U-shaped pipes of borehole heat exchangers, primary
thermal distribution, and thermal dispersion. They reported that the
influences of shank spacing and the primary non-uniform thermal dis-
tribution upon the effective thermal conductivity and the borehole re-
sistance are negligible. Yet, the influences of thermal dispersion were
shown to be rather significant. Raymond et al. [101] developed a nu-
merical model to analyse a ground heat exchanger with the ground-
water flow and employed the numerical simulator HydroGeoSphere to
manage thermal response tests. They used saturated porous material
with solid thermal conductivity of 3.57Wm™* k™. These authors
applied the Kelvin line-source equation to describe conductive heat
transfer in porous medium. Compared to that offered by the line source
equation, Raymond et al. [101] improved the representation of the
physical processes available in TRT, without any noticeable enhance-
ment in the computational time. Choi and Ooka [24] investigated the
influences of natural convection on the thermal response test performed
in a saturated porous medium. They performed a comparison between
gravel-backfilled and cement-grouted borehole heat exchangers. It was
concluded that the thermal resistances of borehole for the gravel-
backfilled and cement-grouted borehole heat exchangers reduce by
about 9.8% and 8.7%, respectively through doubling the heat injection
rate.
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3.1.5. Reviews of literature

Carotenuto et al. [17] reviewed the numerical models presented for
simulating the thermo-fluid phenomena occurring in low enthalpy
geothermal energy systems. The results of this modelling provide the
data for estimating the ground thermo-physical properties from the
analysis of thermal response tests. Moreover, these results can be used
to predict hour by hour (or short term) responses of the ground to
continuously changing energy loads. Their review showed that the re-
search activities on the numerical study of convective phenomena in-
volving ground water filled boreholes are limited and need more at-
tentions. Li and Lai [69] reviewed analytical methods to model heat
transfer from vertical ground heat exchangers by considering the space
and time scales. They discussed the analytical methods to model heat
and humidity transports inside the ground (soil) that can be considered
as a porous medium. These authors concluded that all available ana-
lytical models feature limitations of time scales for determining the
temperature response of a big matrix of ground heat exchangers.

3.1.6. Summary

As a concluding remark to this section, it is emphasised that ground-
source heat pumps as renewable systems have a significant potential to
use in building energy systems [69]. This is due to their energy saving
and environment friendly characteristics [69]. The soil temperature
directly affects the performance of these systems and hence modelling
heat transfer in soil medium is an essential step in design of these
systems. Table 1 summarizes the research articles published on the
applications of porous materials in ground heat pump systems. It is
worth mentioning that despite the advantages of geothermal systems
such as high efficiency, remarkable energy conservation, and low op-
erating cost, currently geothermal energy has a contribution less than
1% of the total primary energy generated worldwide [48]. This shows
the requirement of more activities in this field. In mathematical mod-
elling, most of the existing works are concentred with constant thermal
properties for soil. Investigations of the influence of varying soil
thermal properties on the characteristics of the ground heat pumps are
rather seldom. Variable soil thermal properties are more realistic [74]
and hence this point should be considered in future investigations.
Regarding this issue, Huang [45] investigated the effects of different
parameters including thermal conductivities of soil and grout material
and pipe length on the efficiency of the ground heat exchanger. They
reported that a larger value of soil thermal conductivity causes better
heat transfer performance of the ground, and subsequently amplifies of
capability of the system for delivering the heat into the soil. Marquez
et al. [77] suggested a simple and inexpensive approach to measure the
thermal diffusivity of a given soil by using its temperature. Further, the
influence of phase changes in the ground pore moisture on the effi-
ciency of ground heat pumps is important for designing adaptable
systems. Consideration of evaporation and moisture migration in soil is
an important issue in the modelling of ground-source heat pumps. For
example, it has been shown that the pore moisture evaporation leads to
a quick reduction in the ground heat conduction and blocks the heat
flow to the borehole [124]. It is therefore recommended to include this
point for future studies in this field.

3.2. Insulation systems

Thermal energy is lost from buildings with various rates related to
the shape and structure of the building. About 80% of the total energy
expense in buildings is related to water and space heating (http://www.
qualibuild.ie/heat-lost-building/). These heat losses degrade comfort
levels and impose additional costs during the life time of the building.
Heat losses in buildings occur through convection, conduction, and
radiation. Fig. 2 shows the area of energy losses in a typical building. As
shown in this figure, the main losses occur through the floor, roof,
walls, and windows.

Most of thermal energy is lost through un-insulated components of a
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building. Choosing the right material for insulating the components of
building reduces the energy consumption in building. Usually, insula-
tion materials have porous fibres or foam natures. These materials
should have the lowest possible heat conductivity, while at the same
time they have to be structurally stable. Some researchers have eval-
uated the potentials of this material to insulate the components of a
building. The relevant experimental and numerical studies are pre-
sented here in two separate sections.

3.2.1. Experimental studies

Levinson et al. [63] obtained the relationship between air-velocity
and the thermal conductivity of fiberglass (a porous material) insula-
tion in an internally insulated duct by obtaining the inlet-to-outlet
temperature drop of warmed air passing inside the duct. They found
that the measured conductivity of a flexible channel low density inner
fiberglass-blanket insulation is intensified by about 140% as the duct air
velocity increases from O to 15m/s. Dimoudi et al. [29] conducted
experiments on a wall fabricated by two main sub-layers containing the
dynamic insulation and ventilated outer envelope sub-layers. The dy-
namic insulation sub-layer included substrates of porous materials that
guide the air into the room. Their results indicated that the conduction
heat losses through the wall decreases with an enhancement of the
applied pressure difference between the internal and external sections
of the room. Peuhkuri et al. [98] investigated experimentally moisture
transfer inside insulation porous materials. Some non-hygroscopic
materials such as rockwool and very hygroscopic materials such as
cellulose insulation were investigated in this study. Peuhkuri et al.
concluded that the temperature gradient in porous material leads to
drive the humidity from the warm side towards the cold one. Mo-
zumder and Singh [82] demonstrated experimentally that the solar heat
flux on roof could be decreased by applying a porous insulation sub-
strate. Insulation substrate was made by fly ash pieces. They further
introduced fly ash as a great insulation material with decent structural
stability. Zhang et al. [134] introduced a novel type of porous thermal
insulation material through applying coal fly ash to insulate the walls of
a building. They built this material by slip casting and foaming tech-
nique. The thermal conductivity of the proposed material was as low as
0.0511Wm™! K™'. Zhang et al. [134] recommended coal fly as an
environment-friendly material, proper for wall application for the
purpose of thermal insulation of walls. Buratti et al. [16] investigated
the thermal efficiencies of novel basalt fibre insulation layers used in
buildings. They measured the thermal conductivity of this material and
reported that in the range of 0.030-0.034 Wm ™! K™ . Further, through
using this material, the heat transfer in walls decreases between 20%
and 40%. Li et al. [70] investigated the thermophysical characteristics
of fibre/powder hybrid core materials as vacuum insulation panel
(VIP). Fibre/powder hybrid core materials have a great porous nature
with a large porosity (80-90%) and a fine average pore size in the range
of 19.0-181.1 nm. The corresponding VIP of these materials has a low
density in the range of 170-298 kg m ~ 3. They nominated fibre/powder
hybrid core materials for vacuum insulation panels in building section.
It is noted that vacuum insulation panels have low thermal conductivity
(less than 50% of still air) and also a very thin width, which is super-
natural appropriate for space constrained demands [11,86]. Fig. 3
compares the thermal conductivity and insulation width for the thermal
resistance of some porous materials at a fixed thermal resistance (5 m?
KW ™). As shown in this figure, the width of vacuum insulation panel is
about six to ten times lower than other insulation materials for a fixed
thermal resistance (5 m? KW™1).

Marangoni et al. [76] used a porous layer with low thermal con-
ductivity on ceramic tiles to reduce penetration of heat into the
building. This layer further decreases the thermal conductivity of the
tile, which already has thermal insulation properties for building ap-
plications. The porous layer was made by Si3N4 and gypsum. Mar-
angoni et al. [76] reported that the porosity of the layer should be
tailored in order to have both adequate mechanical strength and low


http://www.qualibuild.ie/heat-lost-building/
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Fig. 3. Thermal efficiency of insulation materials: thermal conductivity and
insulation width for a fixed thermal resistance of 5m? KW ! (Reprinted from
Bouquerel et al. [14] with permission from the publisher).

value of thermal conductivity. Zhang et al. [135] measured the
moisture amount in a porous insulation material using a hot wire probe.
It is important to note that the acquired humidity can lead to the de-
duction of insulation efficiency. Accordingly, it is important to monitor
the humidity amount in porous insulation materials with high accuracy.
The results of Zhang et al. [135] showed that the hot-wire method is
able to measure both the water and the ice amounts with an appropriate
accuracy. It is worth mentioning that hot wire technique is a well-es-
tablished dynamic measurement method. It is based on the measure-
ment of the temperature growth in a special distance from a hot wire as
linear heat source placed in the experiment material [40]. Usually, this
method is used to measure the thermal conductivity of porous mate-
rials [40]. It is assumed that the hot-wire have a constant and uniform
output along the length of experiment material. Accordingly, the
thermal conductivity may be obtained directly from the resulting
change in the temperature over a special time interval. Zhang et al.
[136] measured the humidity amount based on the relationship be-
tween thermal conductivity and humidity amount. Aside from hot wire
technique, Lian et al. [71] measured the thermal conductivity of porous
insulation material by laser flash technique. Their results showed that
this technique is a reliable and quick measurement method to measure
the performance of low thermal conductivity materials.

3.2.2. Numerical/theoretical studies
Alongi and Mazzarella [3] investigated numerically the heat

Renewable and Sustainable Energy Reviews 91 (2018) 229-247

transfer between an air flow and the solid matrix at microscopic scale of
a porous material as a dynamic insulation in building envelopes. They
found that the contribution of thermal dispersion on the energy balance
is negligible for the low values of Peclet number. It should be clarified
that a dynamic insulation systems have been developed on the basis of
integration between ventilation plant and building structures [3]. In
such systems, instead of being delivered or extracted through ducts or
openings, ventilation air is forced to go slowly through dedicated
building envelope porous walls, which consequently act as heat ex-
changers [47]. Hao et al. [41] optimized porosity distribution of in-
sulation materials by employing variational technique. They used this
method to determine the optimum distribution of porosity in porous
media.

3.2.3. Combined experimental and numerical studies

Jim and Tsang [51] evaluated experimentally and theoretically, the
influences of soil, rockwool, and drainage layers on a roof as insulating
materials in the moist-tropical area. They used a theoretical model to
investigate heat diffusion procedure of these materials. These authors
introduced the plastic drainage sheet with abundant inner air spaces as
a greatly efficient thermal insulation substrate. Hoseini et al. [44] in-
vestigated the deformation and thermal resistance of aerogel blanket
insulation material subject to a uniaxial compression. They showed that
aerogel blankets retain the effective thermal insulation characteristics
under compression. Aerogel materials have a porous structure with
high surface area and pore volume. They have a small density and large
porosity (more than 90%), which introduce them as a great thermal
insulators [1]. Some researchers have investigated the thermal prop-
erties of this material. Table 2 presents a summary of the available
research articles on aerogel composites and some obtained results.

3.2.4. Reviews of literature

Vacuum insulation panel is composed of an open porous core of
fumed silica covered by multiple metallized polymer sheeted substrates.
This panel has a thermal conductivity in the range of 3-4 mWm ™ K~!
and can be used as an insulation material in buildings [49]. Alam et al.
[2] conducted a review on the vacuum insulation panels for building
construction industry. For more information about these panels, readers
are referred to this article. It should be stated that a closed-porous
material can be used as possible vacuum insulation material [95].
Closed-porous material has a closed-porosity structure and therefore in
this material, it is no longer required to use a panel envelope to
maintain an inner vacuum. This type of insulation material is basically
homogenous and achieves its high performance thermal insulating
qualities due to vacuum technology in its closed-porous structure (See
Fig. 4).

Bouquerel et al. [14] performed a comprehensive review on heat
transfer simulations in vacuum insulation panels consisting of nano-
porous silicas, granular aerogels, monolithic aerogel, and nanoporous
powders. It is worth mentioning that nanoporous silica has a low
thermal conductivity, at atmospheric pressure, and a much lower con-
ductivity subject to primitive vacuum. Hence, it is strongly re-
commended for the use in buildings as vacuum insulation panels [115].
Fig. 5 shows the application of nanoporous core material in a vacuum
insulation panel.

3.2.5. Summary

Table 3 summarizes the existing investigations performed on the
applications of porous insulation materials in buildings. It is empha-
sised here that the use of new technologies such as solar photovoltaics
or wind energy is far less cost-effective than insulation retrofit for
buildings [78]. Thermal resistance, thermal conductivity, and insula-
tion layer thickness are the main factors affecting the performance of
insulation materials [15]. The insulation thickness is a limiting factor in
urban regions where the living space is limited [15]. Most of insulation
materials are composite. Determining the relationship between
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Table 2
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A summary of available research on aerogel composites (Reprinted from Hoseini et al. [44] with permission from the publisher).

Researcher(s) Points

Cuce et al. [28]

. Determined optimum width of aerogel blanket insulation to achieve the maximum energy storage and thermal comfort

. Obtained relation between annual energy apply and insulation width

Gupta and Ricci [39] . Prepared aerogel/epoxy composites

. Detected some cracks without strength loss at 25% pressing strain

Bardy et al. [8]
1.2 MPa

N

Shi et al. [113]

—

. Prepared ceramic-fibre- reinforced SiO, aerogel

N

900 °C

Wu et al. [128]

Neugebauer [87]

Joly et al. [52]

Muthuraj et al. [83]

Jia et al. [50]

pore structure of expanded perlite.

Fan et al. [35]
. This material has the controllable porous structures.

WN =W

thermal stability of 580 °C.

1

2,

1

2. Investigated the composites with density of 980 and 1070 kg m~* under pressing loads of 0-120 MPa

3

1. Examined samples of prototype and product-line aerogel insulating blankets for thermal conductivity and pressing strain at additive loads about

. Concluded that the prototype sample has better resistance under pressing and recovers to its original width upon decompression

. Studied the composite characteristics under pressing about 1.5 MPa for in-plane and 16 MPa for out-of-plane pressing at large temperatures about

. Concluded that in-plane Young's modulus enhances with temperature, while out-of plane modulus reduces with temperature
. Prepared multilayer fibre-reinforced aerogel composites applying SiO, aerogel and glass fibre

. Applied unit cell method to simulate the conduction in the composite

Enhanced the mechanical strengths of the aerogel composites by incorporating multi-substrate aligned fibres and aerogels

. Investigated the influence of fibre alignments on thermal conductivity and pressing and bending strengths of the composites
. Decreased the thermal conductivity of a bed of granular aerogels under pressing

. Recommended thermal resistance can be increased by controlling the load on the beds of granular aerogels

. Presented the aerogel-based composite material with high performance and low cost.

. Determined the thermal conductivity, the pressing stress and the tensile strength.

. Recommended this material for the European insulation market.

. Reported that the thermal conductivity of this material was below 0.016 W/(m K).

. Used elium acrylic resin/cellulose nanofiber based composite aerogels.

. Investigated mechanical and thermal insulation characteristics of this material.

. Reported this material has a good mechanical, thermal stability, and thermal insulation characteristics.

. Prepared aerogel/expanded perlite composite as building thermal insulation material.

. Concluded that aerogel can distributed within porous structure of expanded perlite to has good characteristics of the thermal insulation efficiency and

. Concluded that the thermal conductivity of aerogel/expanded perlite composite is under the influence of particle diameter.
. Prepared polyimide/carbon nanotube composite aerogels

. Recommended this material with good characteristics including small density of 0.1 gcm ™2, enhanced compression modulus of 33.5 MPa, and high

Fig. 4. Closed-porous materials as vacuum insulation material (VIM)
(Reprinted from Baetens et al. [5] with permission from the publisher).

Nanoporous
material

cg/'

osnllericmcs

Fig. 5. Application of nanoporous core material in a vacuum insulation
panel [120].

compression, deformation, thickness, and thermal performance of these
materials is important as it has direct influences upon the thermal
performance of the building. However, this point has not been in-
vestigated in enough depth in the previous studies. Hence, application
of porous materials in dynamic insulation system used in buildings has
significant potentials for future investigations. Nano-porous heat
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insulation materials are excellent candidate to save energy in buildings
due to their great heat-insulating characteristics and light weigh. Fi-
nally, further studies on inorganic porous insulation materials such as
geopolymer foam are strongly recommended due to their en-
vironmentally friendly characteristics.

3.3. Roof cooling

Buildings are exposed to solar heat fluxes. Due to their footprint,
they may receive large amounts of solar radiation, which is subse-
quently converted to heat and penetrates into the building.
Traditionally, roofs are made of materials with moderate to high ab-
sorption coefficients such as asphalt, clay, tar, etc. in some mid and
high latitude regions [114]. These materials are cheap and easy to in-
stall but they absorbs much of the input solar radiation and transport
the resultant heat to the buildings. As an example, asphalt shingles have
solar reflectivity in the range of 0.05-0.2, which can enhance the
temperature of roof surface by about 27 °C [61]. This can conveniently
cause an air conditioning problem. In order to fix these problems, a
substrate of humid porous material such as humid sand substrate can be
laid on the roof. This is to balance the heating of solar radiation and
outdoor air temperature, which has passive cooling influence. Using
humid porous materials on the surface of the roof results in cooling
influences caused by the passive water evaporation. When heat transfer
occurs between upper surface of the roof and atmosphere, humidity
diffuses from the internal substrates to the surface and evaporates in
there and therefore generates a cooling effect. Fig. 6 shows the cooling
mechanism of a porous roof. In this roof, rainwater penetrates and is
stored within the porous substrate. This water evaporates through ex-
posure to sunlight during the day. When evaporation occurs, the surface
temperature of the porous substrate reduces due to the latent heat being
released. Moreover, when the roof is exposed to considerable humidity
during night time or on cloudy days, the porous substrate adsorbs
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Fig. 6. Cooling mechanism of the porous roof (Reprinted from Wanphen and Nagano [127] with permission from the publisher).

humidity from the atmosphere and continues to reduce the temperature
of the roof materials.

There exist some experimental and numerical investigations on this
idea, which are reviewed in the following sections.

3.3.1. Experimental studies

Ibrahim et al. [46] investigated experimentally the efficiency of
porous ceramic evaporators used as cooling systems in buildings. They
observed a maximum cooling of about 224 Wm ™2 by using porous
ceramic evaporator with large porosity. These authors stated that the
porous ceramic in direct evaporative cooling has considerable poten-
tials for buildings’ applications. Okada et al. [91] prepared porous
ceramics by mixing the allophane and vermiculite for anti-heat island
effect. They found this material useful as water-retaining materials to
prevent “heat island” effects. Wanphen and Nagano [127] examined
experimentally the evaporative cooling influences of several non-
porous and porous materials in roofs. These materials were pebbles,
silica sand, siliceous shale, and volcanic ash. They observed that silic-
eous shale has great potential for decreasing the daily mean surface
temperature more than 8.63 °C. Vardoulakis et al. [123] investigated
the potential application of Aluminium modified clays as solar coolers
of roof surfaces. They concluded that during day and night times with
relative humidity of 55%, the maximum temperature inside the pillared
montmorillonite was 6.5 °C lower than that inside a typical soil sample.
This was due to the evaporative cooling and desorption with minor
effect of solar reflection. The findings of Vardoulakis et al. [123]
showed the capability of aluminium pillared clays to decrease the roof
surface temperatures. Gentle et al. [37] introduced polymeric mesh as a
suitable material for cool roofs. Polyethylene mesh is a porous material
and has an ability to forcefully reduce convective gain at night time and
to have a great black body transfer that nominates it appropriate for
applying in radiative cooling systems. Crawford and da Silva [27]
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investigated experimentally the potentials of a roof based evaporative
system for decreasing the thermal loadings imposed on the internal
space of a building. The vaporization system in this research was fab-
ricated by a porous membrane joint to a water storage. Crawford and da
Silva [27] showed that the salt was deposited as the water vaporized in
the system. This blocks the pores, leads to decrease in vaporization rate
from porous membrane and accordingly affects the cooling ability of
the system. Shokri Kuehni et al. [114] studied experimentally the
capability of an evaporative layer of porous material for decreasing the
roof surface temperature. They used three types of sand with different
particle size distributions. The results of their experiment for surface
temperatures of sand with different sizes are depicted in Fig. 7. The
colour map indicates the temperature. As shown in this figure, the
surface temperature enhances by increasing the particle size. In inter-
preting this figure, it should be noted that the capillary length between
the receding dehumidifying front and the evaporation surface decreases
with an increase in the particle size. This causes an earlier cutting of the
hydraulic pathways between the saturated region at the bottom and the
surface. Accordingly, the evaporation surface dries out by disrupting
the liquid connections and this leads to an increase in the surface
temperature.

3.3.2. Numerical/theoretical studies

Liu et al. [72] studied analytically the moisture migration in un-
consolidated sand, unsaturated with water. They evaluated the cooling
influence induced by water evaporation when it was utilized as a
cooling system for room air-conditioning. They found that evaporation
on the free surface and also within the bed enhance as relative humidity
decreases and ambient temperature increases. This has a main con-
tribution in the variation of temperature gradient that affects the per-
formance of the system. Chen and Liu [20] and Chen [19] conducted a
thermal analysis for the cooling effects of a porous evaporative layer
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Fig. 7. Surface temperature of the coarse (upside row), medium (middle row), and fine sand (bottom row) during times from the beginning of the tests (Reprinted

from Shokri Kuehni et al. [114] with permission from the publisher).

applicable to buildings. They showed that cooling of the porous eva-
porative layer increases as the ambient relative moisture reduces or the
ambient temperature enhances. They further found that the ambient
wind velocity has considerable effects on the temperature of the porous
layer. Dos Santos and Mendes [31] proposed a mathematical model to
simulate an unsaturated sandy roof used as passive cooling system in
buildings. They considered the heat exchange due to short- and long-
wave radiation, due to phase conversion and convection at the outer
surfaces of their model. Further, convective heat and mass transfers and
long wavelength radiation heat transfer in the inner surfaces were
considered. They concluded that sand and moist sand substrates have a
premier comfort index for the entire course of the day. Zhang et al.
[137] investigated mathematically the effects of vaporization on a
porous tile on roof thermal efficiency under Guangzhou's climatic
conditions. They used multivariate nonlinear model to predict vapor-
ization rate from the porous surface. These authors found that refilling
the evaporative substrate by water mostly causes more decrement in
the hourly peak heat flux.

3.3.3. Combined experimental and numerical studies

Meng and Hu [80] investigated numerically the effects of moist
porous material on roof cooling. They used experimental data to obtain
the physical properties for moist porous material. These authors used
porous material on the roof. They decreased the temperatures of the
external and internal surfaces of the roof with porous material by about
25°C and 5°C, respectively in comparison to an ordinary roof.

3.3.4. Summary

As a concluding remark to this section, it should be stated that about
50% of the heat load in the building is originated from the roof in arid
and hot regions [84]. The impact of this heat load is not only limited to
the top floor but it affects the entire building. Accordingly, the usage of
novel techniques to decrease the temperature on the roof could further
enhance the energy efficiency of buildings and decreases the cooling
loads. Evaporative cooling through using porous materials is recognised
as an efficient technique in this regards. This technique has many
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indirect advantages including water keeping during an intense rainfall,
enhance of thermal insulation of the building, and absorption of many
polluting elements [54]. This system has a great potential to be used as
a green roof. Generally, a porous material with high porosity provides
higher cooling than a material with moderate or low porosity. Table 4
summarizes research articles published on the applications of porous
materials in roof cooling systems. The difference of the required depth
of porous material substrate made by the weather difference should be
investigated in future studies. Using water sprays in dry regions is
suggested to improve the thermal performance of the system. The salt is
deposited by evaporating water from the roof. This blocks the pores in
the porous layer and leads to a decrease in the evaporation rate and,
inversely affects the cooling capability of the system. Accordingly, the
fouling effects should be considered in future investigations. Evapora-
tive cooling should not be limited to roof and can be also used in
sidewalls. Finally, evaluation of other aspects of this system such as
cost, durability, and maintenance requires further research.

3.4. Thermal storage systems

Rapidly growing concerns on global warming and the use of fossil
fuels has highlighted the significance of thermal energy storage systems
for heating and cooling buildings and providing hot water. Thermal
storage in buildings can be done at high and low temperatures corre-
sponding to heating and cooling processes [118]. High temperature
heat storage usually occurs in solar energy, waste heat utilisation or
heat pump applications, while thermal storage in low temperature is
common in air conditioning, refrigeration, or cryogenic-temperature
processes (see Fig. 8).

Saving thermal energy by phase change material plays an important
role in cooling and heating of buildings. Phase change materials (PCMs)
have larger heat saving density with smaller temperature variation
[53].

Some researchers reviewed the potentials of these materials in
buildings. Soares et al. [116] reviewed the passive phase change ma-
terials used to store thermal energy in buildings. They concluded that
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Fig. 8. Application of thermal storage for heating and cooling system in buildings (Reprinted from Stritih [118] with permission from the publisher).

implementation of these materials decreases the energy used in cooling
and heating systems by decreasing or shifting the load. Moreover, these
materials enhance indoor thermal comfort by decreasing indoor tem-
perature fluctuations. Kenisarin and Mahkamov [58] reviewed the po-
tentials of phase change materials to control the thermal energy in re-
sidential buildings. They reported that the costs of PCMs can be
decreased by advancing and enhancing the generation technology.
Pandey et al. [93] investigated the potential usage of phase change
materials for solar energy systems. Note that some solar energy systems
can be used in buildings. They reported that the properties of phase
change materials can be obtained by employing more advanced com-
pact equipment. Lizana et al. [73] evaluated the potentials of advanced
low-carbon materials to store the thermal energy in buildings. They
concluded that these materials should be combined with cooling and
heating systems by demand-side management techniques. Rao et al.
[99] reviewed ability of PCM-mortar for storing the thermal energy in
buildings. Further, they reviewed the mechanical characteristics of
these materials. They reported that the mechanical characteristics of
PCM-mortar and ability of them for storing the thermal energy are
depended on microstructure of these materials.

An interesting possibility in building application is the impregnation
of phase change materials into porous construction materials used in
buildings (e.g. gypsum, concrete, plasterboard, etc.) to enhance thermal
mass [105,106]. In this section, the studies about the impregnation of
phase change materials into porous construction materials used in
buildings (e.g. gypsum, concrete, plasterboard, etc.) are reviewed.

3.4.1. Experimental studies

Neeper [85] evaluated the benefits of passive thermal storage by
using phase change material impregnated with porous wallboard. Re-
sults of this research showed that the use of PCM-impregnated wall-
board with a 40-Btu/ft/sup2/ capacity provides sufficient storage for
direct gain systems. Kedl and Stovall [57] filled porous wallboard with
wax as a thermal energy storage material by an immersion process.
They found that the immersion process achieves higher storage capacity
than adding wax filled pellets to wallboard during its manufacture.
Peippo et al. [96] used PCM- medicated plasterboard as a storage ma-
terial in a weightless passive solar building. They observed about
5-20% direct savings in energy consumption by using this material.
Later, Nomura et al. [89] added the phase change materials to the
porous materials to recover the waste thermal energy in the form of
latent heat. They used erythritol as phase change material and selected
expanded perlite, gamma-alumina, and diatom earth as the porous
structures. Nomura et al. concluded that the latent heat of the expanded
perlite/erythritol is up to 83% higher in comparison with the conven-
tional erythritol. Li et al. [67] prepared a thermal saving material for
buildings by adding paraffin as PCM into porous structure of expanded
perlite. Subsequently, they composed it by gypsum. Li et al. [67] re-
ported that the adsorption of paraffin reduces the thermal conductivity
of the expanded perlite/gypsum, which is useful for improving the heat
preservation. Chen et al. [21] investigated production and thermal
characteristics of n-octadecane/molecular sieve composites as form-

stable thermal energy saving materials used in buildings. The molecular
sieve 5A has a porous nature and is applied as the supporting material
for improving the thermal stability of the composite PCMs. Some re-
searchers introduced the composite PCMs made of fatty acids and
porous building materials as a latent heat thermal energy saving used in
buildings [10,42,53,66,79,107,133]. They found that this method is
cost-efficient and easy to use. It is proven that fatty acids and their
eutectics as organic materials have suitable chemical compatibility with
inorganic porous building materials [108,109,64,65]. Further, fatty
acids can be quickly stirred with inorganic porous materials and re-
tained in the pores by surface tension and capillary forces. Sari [110]
introduced composites of polyethylene glycol with gypsum and natural
clay as novel types of building phase change materials for small values
of temperature of thermal energy saving. This author selected gypsum
and natural clay as porous building materials as they are porous,
weightless, easy to incorporate with water, environmentally friendly,
widely usable in building section due to simplicity and inconsiderable
cost. He et al. [43] produced Capric-myristic acid/expanded perlite
composite PCM as a new energy saving material used in buildings. The
Capric-myristic acid eutectic mixture as PCM was inserted in the
porous expanded perlite by mass fraction of about 200%. Chung et al.
[25] investigated the thermal efficiency of organic composite phase
change material for latent heat thermal energy saving used in buildings.
The composite phase change material was made of octadecane and
BioPCM as phase change materials and porous micronized silica. They
observed that composite phase change material has good thermal
durability, thermal energy saving characteristics, and thermal and
chemical reliabilities. Evola and Marletta (2014) investigated the in-
fluence of PCM wallboards for improving summer thermal comfort in
weightless buildings. They concluded that the location of the PCM
wallboards inside the room, the rate of night time ventilation, and the
value of the peak melting temperature for the particular PCM are some
important factors that affect the efficiency of PCM in energy saving.
Kim et al. [59] prepared shape-stabilized phase change material by
adding hexadecane as a phase change material into xGnP as a sup-
porting material. XxGnP as a porous nano-sized carbon material is a fine
container for the phase change material due to its well porous structure,
great thermal conductivity, and great surface area. Zhang et al. [135]
prepared gypsum based energy saving materials with capric acid—-
palmitic acid /expanded perlite composite PCM. Capric acid—-palmitic
acid eutectic mixture can be efficiently distributed in the microporous
structure of expanded perlite. They found that larger composite PCM
volume content increases energy saving capability of the gypsum. Tang
et al. [119] prepared fatty acid eutectics/expanded graphite composites
as PCM to store the thermal energy in buildings. They found this ma-
terial suitable for feasible radiant cooling system as it has excellent
thermal properties containing great thermal conductivity, inflammable
property, large latent heat, and great stability and thermal reliability.
Pavlik et al. [94] improved lime-cement plasters by two kinds of phase
change material to increase thermal and the ability of hygric for saving
energy. They observed that the usage of small encapsulated PCM par-
ticles leads to about 10% enhancement in porosity in comparison with
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the conventional plaster. This causes a considerable enhancement in the
heat saving capability of the lime-cement plasters. Lv et al. [75] in-
vestigated experimentally and numerically the thermal energy saving of
polyethylene glycol/expanded graphite composite PCM. They reported
that the addition of expanded graphite causes an increase in the thermal
conductivity of system considerably due to the benefits of porous nature
of expanded graphite.

3.4.2. Numerical/theoretical studies

Xu et al. [129] numerically studied the melting efficiency of a latent
heat thermal energy saving system partially filled with porous mate-
rials. They stated that a porous material with large values of porosity
and thermal conductivity and large pore size is suitable for increasing
the melting efficiency of phase change materials.

3.4.3. Combined experimental and numerical studies

Yang et al. [130] presented a novel type of soil cool saving system
with seasonal natural cold source. In this system, the natural cool en-
ergy was stored in soil during the winter and was used for space cooling
in the warm seasons. It was demonstrated that this system has a great
economic efficiency. Novais et al. [90] used weightless dense/porous
PCM-ceramic tiles to control the indoor temperature of buildings. They
found that this type of tile decreases indoor space temperature variation
by about 22%, which leads to improvements in the thermal comfort
within buildings. Cisek and Taler [26] performed numerical and ex-
perimental investigations on a solid matrix, electric thermal saving unit
used in a residential heating system. An electric thermal saving unit is a
compound of electric heating sections, which are placed inside a solid
matrix with large density as a porous medium. Thermal energy is stored
in porous medium during off-peak times and is discharged during peak
times. Cisek and Taler [26] recommended this technology as a suitable
and environment friendly heating system for residential buildings.

3.4.4. Reviews of literature

There already exists reviews on the applications of PCM in build-
ings. Baetens et al. [6] reviewed the potentials of PCM to decrease the
energy consumption of buildings. They concluded that a relatively high-
energy savings are reported by using PCMs. Yet, the current properties
of the available PCMs are not still optimal for widespread building
applications. Stritih [118] reviewed heat saving technologies with
phase change materials used in buildings. They stated that paraffin,
fatty acids, and hydrate salts are promising PCM materials that can be
used in buildings as latent thermal energy saving. Pomianowski et al.
[97] reviewed PCMs used in buildings with focus on room application.
They reported that data about PCM content and ratio of surface with
PCM to total surface of the room should always be considered for the
investigated case. Konuklu et al. [60] performed a review on micro-
encapsulated phase change materials (MPCM) used in building appli-
cations. Microencapsulated phase change materials can be impregnated
with many building construction materials. They concluded that MPCM
enhances the thermal capacity of system considerably with a relative
small reduction in mechanical properties. Recently, Souayfane et al.
[117] reviewed PCMs used as cooling applications in buildings. They
found that energy savings and subsequently effectiveness of PCM en-
hance as the thickness of PCM layer reduces to a certain optimum level.

3.4.5. Summary

Table 5 presents a list of research articles published on the appli-
cations of porous materials as means of energy storage in buildings. The
main findings of these can be summarized as follows:

e Most of PCMs have a solid-liquid phase change process when used
in buildings to store the thermal energy. Accordingly, first they
should be stabilised to prevent exudation in the process of phase
change. There are some porous materials (e.g. expanded perlite)
that can be used to adsorb the phase change materials by applying
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their own capillary actions even in the liquid condition. The porous
natures of these materials prevent the exudation during phase
change process due to the action of capillary and surface tension
forces.

Expanded graphite can be used to enhance the heat transfer in phase
change materials, due to its favourable properties of excellent sta-
bility, great compatibility with organic phase change materials, high
thermal conductivity, and weightless.

Heat storage density of PCM increases by using a porous material
with high porosity.

Granular phase change composites are very appropriate, as they do
not need to be encapsulated, have no corrosion, and exchange heat
quickly.

In future, the effects of ambient conditions on the operation of these
energy storage systems need to be investigated. In the field of solar
energy storage, phase change materials do not operate economically at
low temperatures as their costs are about the double of the cost of hot
water systems [18]. An economic evaluation is essential along with
each study in this field. Moreover, so far, research in this area has been
mostly focused on the preparation of these materials. Thus, further
research is needed to investigate the practical performance of these
materials in the actual buildings. In the actual processes, parameters
involved in heat storage materials during the melting and solidification
are very changeable and this is the most significant difficulty before
simulating this material.

3.5. Other systems

Miguel and Silva [81] used porous materials containing screens,
shelters, and filters to control climate characteristic of enclosures used
in screened greenhouses. They found that the permeability and porosity
of the screen mainly affect the climate characteristic inside the green-
house. Riffat and Zhu [102] modelled mathematically the indirect
evaporative cooler containing heat pipe and porous ceramic. Porous
ceramic was used as the cooling source to transfer the coolth to the
indoor space of a building and a heat pipe was considered as the
thermal system for evaporating in this research. They observed a good
cooling capacity for this system subject to conditions of windy and dry
climate. Bayrak et al. [9] performed experimentally the exergy and
energy analyses for porous baffles incorporated inside solar air heaters
used in building sectors. Closed-cell aluminium foams were selected as
porous materials. They found that the efficiency of the solar air heater
increases and the irreversibility of this device decreases by using porous
baffles inside the system. Table 6 summarizes research on applications
of porous materials in other building energy systems.

4. Conclusions and recommendations for future works

This review provided a comprehensive literature survey on the ap-
plications of porous materials in building energy technologies. These
included roof cooling, ground-source heat pumps and heat exchangers,
insulation, and heat storage systems. Different porous materials, used in
these systems, to improve the energy efficiency in buildings, were in-
troduced and the characteristics of them were closely discussed. The
main findings of this review and some recommendations for future
works are presented in the followings.

4.1. Conclusions

The performance of borehole heat exchangers is affected by several
parameters. These parameters are the soil temperature distribution,
humidity content, thermal properties, groundwater movement, and
possible freezing and melting of water amount in the soil as a porous
material. Moreover, in borehole heat exchangers, the thermal resistance
between the borehole wall and the heat carrier fluid in soil as a porous
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Table 6
Research on applications of porous materials in other building energy systems.
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Type of porous

Main results

Screens, shelters, and

Porous ceramic

Authors Type of research Type of system
material
Miguel and Silva Theoretical/ Enclosures used screened
[81] Experimentally greenhouses filters
Riffat and Zhu Mathematically Indirect evaporative cooler
[102] system
Bayrak et al. [9] Experimentally Solar air heaters

foams

Closed-cell aluminium

The permeability and porosity of the screen mainly affect the climate
characteristic inside the greenhouse.

Porous ceramic can be used as the cooling source to transfer the coolth
to the indoor space of a building in the indirect evaporative cooler.
This system has a good cooling capacity for conditions of windy and dry
climate.

The efficiency of the solar air heater increases and the irreversibility of
this device decreases by using porous baffles inside the system.

material directly affects the performance of these systems. Thermal
resistance is related to the physical properties of porous soil including
the effective thermal conductivity and volumetric heat capacity.
Considering transport in porous media leads to more accurate predic-
tion of thermal resistance of boreholes. For example, for a porous ma-
terial with high permeability, heat transfer is due to coupled processes
of heat conduction and heat convection. However, for a porous material
with low permeability, heat transfer in this medium is more due to heat
conduction and the contribution of heat convection is less significant.
Soil porosity, thermal conductivity, and backfill materials are some
factors that considerably affect the thermal recovery of soil in ground
heat exchanger systems. It is concluded that the moisture amount in the
soil increases the thermal conductivity of this material and improves
the heat transfer and thermal efficiency of the ground heat exchangers.

In a typical building, most of thermal energy is lost through un-
insulated components. Using porous material with lowest possible heat
conductivity and stable structure is a good option for insulating com-
ponents of a building. Aerogels as a porous material with a small
density and large porosity (more than 90%) are excellent option for
thermal insulating in buildings. As another option, nano-porous silica
has a low thermal conductivity, at atmospheric pressure, and a very low
conductivity under primary vacuum. Accordingly, it is strongly re-
commended for the use in building as vacuum insulation panels.
Further, fibre/powder hybrid core materials with a great porous nature,
large porosity (80-90%), and fine average pore size in the range of
19.0-181.1 nm, can be considered as vacuum insulation panels in
building sections. The previous studies showed that the accumulated
moisture in porous insulation material can lead to the deduction of
insulation performance. As a result, it is important to record the hu-
midity amount in porous insulation materials with high accuracy. A
well-established technique to measure the moisture of an insulation
material is the hot-wire test.

Using humid porous materials on the surface of the roof results in
cooling influences caused by the passive water evaporation. When heat
transfer occurs between the upper surface of the roof and atmosphere,
humidity diffuses from the internal substrates to the surface and eva-
porates in there and therefore generates a cooling effect. Generally,
particles with smaller sizes are more suitable for the use in roof cooling
systems as they increase the rate of evaporation. Moreover, cooling of
the porous evaporative layer in a roof cooling system intensifies as the
ambient relative humidity decreases or ambient temperature increases.
Finally, the deposited salt produced by evaporating the water blocks the
pores in a roof cooling system and this causes a decrease in vaporization
rate from roof that affects the cooling ability of the system.

Saving thermal energy by phase change material plays an important
role in cooling and heating of buildings. An interesting possibility in
building application is the impregnation of phase change materials into
porous construction materials used in buildings (e.g. gypsum, concrete,
plasterboard, etc.) to enhance thermal mass. Most of PCMs have a so-
lid-liquid phase change process when used in buildings to store the
thermal energy. Thus, first they should be stabilised to prevent exu-
dation in the process of phase change. There are some porous materials
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(e.g. expanded perlite) that can be used to adsorb the phase change
materials by applying their own capillary actions even in the liquid
condition. The porous nature of these materials prevent the exudation
during phase change process due to the action of capillary and surface
tension forces. Also, expanded graphite can be used to enhance the heat
transfer in phase change materials, due to its favourable properties of
excellent stability, great compatibility with organic phase change ma-
terials, high thermal conductivity and low weight. As a new option for
saving thermal energy in buildings, granular phase change composites
have good capability, as they do not need to be encapsulated, have no
corrosion and exchange heat quickly. Finally, the results of previous
studies indicated that heat storage density of PCM enhances by using a
porous material with high porosity.

4.2. Recommendations for future works
Following suggestions are made as for future work:

In mathematical modelling of ground heat pump systems, re-
searchers have often used constant thermal properties for soil
parameters, while the effects of variable soil thermal properties on
the characteristics of this system is seldom evaluated. This leaves an
important gap that needs to be filled in future.

Soil pore humidity phase changes have a significant role on the ef-
ficiency of ground heat pumps and are significant for designing an
adaptable system. It is suggested to consider this important point in
future research in this field.

The relationship between compression, deformation, thickness, and
thermal performance of porous insulation materials should be spe-
cified because it has a direct influence on the energy efficiency of
the building. The review showed that this significant point has been
investigated rarely in the former studies.

Application of porous materials in dynamic insulation system used
in buildings has a significant potentials for future research.

Study on inorganic porous insulation materials such as geo-polymer
foam is strongly advised as they are environmentally friendly.
More studies should be performed to determine the necessary width
of porous material substrate used in roof cooling under different
weather systems.

Using water sprays in dry regions is suggested to improve the
thermal performance of roof cooling systems.

The salt is deposited by evaporating the water from roof. This blocks
the pores in porous layer and leads to a decrease in the evaporation
rate that affects the cooling capability of the system. Hence, the
fouling effects should be considered in future research.
Evaporative cooling as an efficient method, should not be limited to
roof. This method can also be used in sidewalls. The required water
may be supplied by the rainwater, moisture in air or by a spray.
Some important factors of roof cooling systems such as cost, dur-
ability, and maintenance need more discussion.

Most of previous studies have focused on the preparation of PCMs by
impregnation of them with porous construction materials used in
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buildings (e.g. gypsum, concrete, plasterboard, etc.). However,
further investigations are needed to explore the practical perfor-
mance of these materials in the actual buildings.

Acknowledgement

N. Karimi acknowledges the financial support by EPSRC through
grant number EP/N020472/1 (Therma-pump).

References

[1]

[2]

[3]

[4]

[5]

[6]
[71
(8]

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

Aegerter MA, Leventis N, Koebel MM. Aerogel handbook. New York: Springer;
2011.

Alam M, Singh H, Limbachiya MC. Vacuum insulation panels (VIPs) for building
construction industry—a review of the contemporary developments and future
directions. Appl Energy 2011;88:3592-602.

Alongi A, Mazzarella L. Characterization of fibrous insulating materials in their
application in dynamic insulation technology. Energy Procedia 2015;78:537-42.
Asdrubali F, Ferracuti B, Lombardi L, Guattari C, Evangelisti L, Grazieschi G. A
review of structural, thermo-physical, acoustical, and environmental properties of
wooden materials for building applications. Build Environ 2017;114:307-32.
Baetens R, Jelle BP, Vincent Thue J, Tenpierik MJ, Uvslgkk S, Gustavsen A,
Grynning S. Vacuum insulation panels for building applications: a review and
beyond. Energy Build 2010;42:147-72.

Baetens R, Jelle BP, Gustavsen A. “Phase change materials for building applica-
tions: a state-of-the-art review.”. Energy Build 2010;42:1361-8.

Banks D. An introduction to thermogeology: ground source heating and cooling.
2nd ed. United States: John Wiley & Sons; 2012.

Bardy ER, Mollendorf JC, Pendergast DR. Thermal conductivity and compressive
strain of aerogel insulation blankets under applied hydrostatic pressure. J Heat
Transf 2007;129:232-5.

Bayrak F, Oztop HF, Hepbasli A. Energy and exergy analyses of porous baffles
inserted solar for building applications air heaters. Energy Build 2013;57:338-45.
Bentz DP, Turpin R. Potential applications of phase change materials in concrete
technology. Cem Concr Compos 2007;29:527-32.

Boafo FE, Kim J, Chen Z. Configured cavity-core matrix for vacuum insulation
panel: concept, preparation and thermophysical properties. Energy Build
2015;97:98-106.

De Boeck L, Verbeke S, Audenaert A, De Mesmaeker L. Improving the energy
performance of residential buildings: a literature review. Renew Sustain Energy
Rev 2015;52:960-75.

Bottarelli M, Bortoloni M, Su Y. Heat transfer analysis of underground thermal
energy storage in shallow trenches filled with encapsulated phase change mate-
rials. Appl Therm Eng 2015;90:1044-51.

Bougquerel M, Duforestel T, Baillis D, Rusaouen G. Heat transfer modeling in va-
cuum insulation panels containing nanoporous silicas-A review. Energy Build
2012;54:320-36.

Bouquerel M, Duforestel T, Baillis D, Rusaouen G. Mass transfer modeling in gas
barrier envelopes for vacuum insulation panels: a review. Energy Build
2012;55:903-20.

Buratti C, Moretti E, Belloni E, Agosti F. Thermal and acoustic performance eva-
luation of new basalt fiber insulation panels for buildings. Energy Procedia
2015;78:303-8.

Carotenuto A, Ciccolella M, Massarotti N, Mauro A. Models for thermo-fluid dy-
namic phenomena in low enthalpy geothermal energy systems: a review. Renew
Sustain Energy Rev 2016;60:330-55.

Cassedy ES. Prospects for sustainable energy. Cambridge: Cambridge University
Press; 2000.

Chen W. Thermal analysis on the cooling performance of a wet porous evaporative
plate for building. Energy Convers Manag 2011;52:2217-26.

Chen W, Liu W. Thermal analysis on the cooling performance of a porous eva-
porative plate for building. Heat Transf-Asian Res 2010;39:127-40.

Chen Z, Shan F, Cao L, Fang G. Preparation and thermal properties of n-octade-
cane/molecular sieve composites as form-stable thermal energy storage materials
for buildings. Energy Build 2012;49:423-8.

Chen H, Ding H, Liu S, Chen X, Wu W, Wang Q. Experimental study on heat and
moisture transfer in soil during soil heat charging for solar-soil source heat pump
compound system. Appl Therm Eng 2014;70:1018-24.

Chen S, Mao J, Han X. Heat transfer analysis of a vertical ground heat exchanger
using numerical simulation and multiple regression model. Energy Build
2016;129:81-91.

Choi W, Ooka R. Effect of natural convection on thermal response test conducted
in saturated porous formation: comparison of gravel-backfilled and cement-
grouted borehole heat exchangers. Renew Energy 2016;96:891-903.

Chung O, Jeong SG, Yu S, Kim S. Thermal performance of organic PCMs/micro-
nized silica composite for latent heat thermal energy storage. Energy Build
2014;70:180-5.

Cisek P, Taler D. Numerical and experimental study of a solid matrix electric
thermal storage unit dedicated to environmentally friendly residential heating
system. Energy Build 2016;130:747-60.

Crawford R, da Silva AK. Experimental testing of a passive, evaporation-based roof
cooling system. Energy Build 2014;71:12-9.

[28]

[29]
[30]
[31]
[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]
[57]
[58]

[59]

[60]

B

and Si

X

ble Energy Reviews 91 (2018) 229-247

Cuce E, Cuce PM, Wood CJ, Riffat SB. Optimizing insulation thickness and ana-
lysing environmental impacts of aerogel-based thermal superinsulation in build-
ings. Energy Build 2014;77:28-39.

Dimoudi A, Androutsopoulos A, Lykoudis S. Experimental work on a linked, dy-
namic and ventilated, wall component. Energy Build 2004;36:443-53.

Diao N, Li Q, Fang Z. Heat transfer in ground heat exchangers with groundwater
advection. Int J Therm Sci 2004;43:1203-11.

dos Santos GH, Mendes N. Numerical analysis of passive cooling using a porous
sandy roof. Appl Therm Eng 2013;51:25-31.

U.S. Energy Information Administration. Electricity Data, 2016 (May 20); 2016.
<http://www.eia.gov/electricity/>.

Erol S, Hashemi MA, Francois B. Analytical solution of discontinuous heat ex-
traction for sustainability and recovery aspects of borehole heat exchangers. Int J
Therm Sci 2015;88:47-58.

Evangelides C, Arampatzis G, Tzimopoulos C. Estimation of soil moisture profile
and diffusivity using simple laboratory procedures. Soil Sci 2010;175:118-27.
Fan W, Zuo L, Zhang Y, Chen Y, Liu T. Mechanically strong polyimide/carbon
nanotube composite aerogels with controllable porous structure. Compos Sci
Technol 2018;156:186-91.

Gao Y, Fan R, Li HS, Liu R, Lin XX, Guo HB, Gao YT. Thermal performance im-
provement of a horizontal ground-coupled heat exchanger by rainwater harvest.
Energy Build 2016;110:302-13.

Gentle AR, Dybdal KL, Smith GB. Polymeric mesh for durable infra-red transparent
convection shields: applications in cool roofs and sky cooling. Sol Energy Mater Sol
Cells 2013;115:79-85.

Gopalakrishnan K, Manik A. A mathematical model for predicting isothermal soil
moisture profiles using finite difference method. Int J Civ Environ Struct Constr
Archit Eng 2007;1:14-20.

Gupta N, Ricci W. Processing and compressive properties of aerogel/epoxy com-
posites. J Mater Process Technol 2008;198:178-82.

Hahne E, Song YW, Gross U. Measurements of thermal conductivity in porous
media. Chapter of convective heat and mass transfer in porous media, 196. NATO
ASI Series; 1991. p. 849-65.

Hao JH, Chen Q, Hu K. Porosity distribution optimization of insulation materials
by the variational method. Int J Heat Mass Transf 2016;92:1-7.

Hawes DW, Feldman D, Banu D. Latent heat storage in building materials. Energy
Build 1993;20:77-86.

He Y, Zhang X, Zhang Y. Preparation technology of phase change perlite and
performance research of phase change and temperature control mortar. Energy
Build 2014;85:506-14.

Hoseini A, Malekian A, Bahrami M. Deformation and thermal resistance study of
aerogel blanket insulation material under uniaxial compression. Energy Build
2016;130:228-37.

Huang S. Energy performance evaluation and optimisation of ground source heat
pump systems. 2015. A thesis submitted in (partial) fulfilment of the requirements
for the degree of Doctor of Philosophy from University of Wollongong.

Ibrahim E, Shao L, Riffat SB. Performance of porous ceramic evaporators for
building cooling application. Energy Build 2003;35:941-9.

Imbabi MSE. A passive-active dynamic insulation system for all climates. Int J
Sustain Built Environ 2012;1:247-58.

IPCC. Climate Change 2014: mitigation of Climate Change, IPCC Working Group 3
Contribution to the Fifth Assessment Report of the IPCC. Tech Rep Intergov Panel
Clim Change 2014.

Jelle BP. Traditional state-of-the-art and future thermal building insulation ma-
terials and solutions—Properties, requirements and possibilities. Energy Build
2011;43:2549-63.

Jia G, Li Z, Liu P, Jing Q. Preparation and characterization of aerogel/expanded
perlite composite as building thermal insulation material. J Non-Cryst Solids
2018;482:192-202.

Jim CY, Tsang SW. Modeling the heat diffusion process in the abiotic layers of
green roofs. Energy Build 2011;43:1341-50.

Joly M, Bourdoukan P, Ibrahim M, Stipetic M, Dantz S, Nocentini K, Aulagnier M,
Giusepp Caiazzo F, Fiorentino B. Competitive high performance Aerogel-Based
Composite material for the European insulation market. Energy Procedia
2017;122:859-64.

Karaipekli A, Sari A. Capric-myristic acid/expanded perlite composite as form-
stable phase change material for latent heat thermal energy storage. Renew Energy
2008;33:2599-605.

Karamanis D. Solar cooling with hydrophilic porous materials for reducing
building cooling needs. Eco-Effic Mater Mitigating Build Cool Needs
2015:269-305.

Kasaeian A, Daneshazarian R, Mahian O, Kolsi L, Chamkha AJ, Wongwises S, Pop .
Nanofluid flow and heat transfer in porous media: a review of the latest devel-
opments. Int J Heat Mass Transf 2017;107:778-91.

Kaviani M. Principles of heat transfer in porous media. 2th ed. New York: Springer-
Verlag; 1995.

Kedl RJ, Stovall TK. Activities in support of the wax-impregnated wallboard
concept. United States: Oak Ridge National Laboratory; 1989.

Kenisarin M, Mahkamov K. Passive thermal control in residential buildings using
phase change materials. Renew Sustain Energy Rev 2016;55:371-98.

Kim S, Chang SJ, Chung O, Jeong SG, Kim S. Thermal characteristics of mortar
containing hexadecane/xGnP SSPCM and energy storage behaviors of envelopes
integrated with enhanced heat storage composites for energy efficient buildings.
Energy Build 2014;70:472-9.

Konuklu Y, Ostry M, Paksoy HO, Charvat P. Review on using microencapsulated
phase change materials (PCM) in building applications. Energy Build


http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref1
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref1
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref2
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref2
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref2
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref3
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref3
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref4
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref4
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref4
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref5
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref5
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref5
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref6
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref6
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref7
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref7
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref8
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref8
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref8
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref9
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref9
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref10
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref10
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref11
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref11
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref11
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref12
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref12
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref12
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref13
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref13
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref13
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref14
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref14
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref14
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref15
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref15
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref15
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref16
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref16
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref16
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref17
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref17
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref17
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref18
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref18
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref19
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref19
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref20
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref20
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref21
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref21
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref21
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref22
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref22
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref22
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref23
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref23
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref23
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref24
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref24
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref24
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref25
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref25
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref25
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref26
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref26
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref26
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref27
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref27
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref28
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref28
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref28
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref29
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref29
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref30
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref30
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref31
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref31
http://www.eia.gov/electricity/
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref32
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref32
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref32
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref33
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref33
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref34
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref34
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref34
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref35
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref35
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref35
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref36
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref36
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref36
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref37
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref37
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref37
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref38
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref38
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref39
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref39
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref39
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref40
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref40
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref41
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref41
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref42
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref42
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref42
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref43
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref43
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref43
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref44
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref44
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref44
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref45
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref45
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref46
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref46
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref47
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref47
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref47
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref48
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref48
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref48
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref49
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref49
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref49
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref50
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref50
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref51
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref51
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref51
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref51
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref52
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref52
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref52
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref53
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref53
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref53
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref54
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref54
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref54
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref55
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref55
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref56
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref56
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref57
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref57
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref58
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref58
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref58
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref58
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref59
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref59

S. Rashidi et al.

[61]

[62]

[63]

[64]

[65]

[66]

[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]
[89]
[90]

[91]

[92]

2015;106:134-55.

Lawrence Berkeley Nation Laboratory. Cool Roofing Materials Databas; 2000.
<http://energy.lbl.gov/coolroof/>.

Leveque F, Robertson A. Pathways for Heat: Low Carbon Heat for Buildings. A
Report by Carbon Connect Report: Future Heat Series Part 1 - Pathways for heat;
<http://www.policyconnect.org.uk/cc/research/report-future-heat-series-part-1-
pathways-heat>2014.

Levinson R, Delp WW, Dickerhoff D, Modera M. Effects of airflow infiltration on
the thermal performance of internally insulated ducts. Energy Build
2000;32:345-54.

Li H, Liu X, Fang G. “Preparation and characteristics of n-nonadecane/cement
composites as thermal energy storage materials in buildings.”. Energy Build
2010;42:1661-5.

Li M, Wu Z, Kao H. Study on preparation and thermal properties of binary fatty
acid/diatomite shape-stabilized phase change materials. Sol Energy Mater Sol Cells
2011;95:2412-6.

Li M, Kao H, Wu Z, Tan J. Study on preparation and thermal property of binary
fatty acid and the binary fatty acids/diatomite composite phase change materials.
Appl Energy 2011;88:1606-12.

Li M, Wu Z, Chen M. Preparation and properties of gypsum-based heat storage and
preservation material. Energy Build 2011;43:2314-9.

Li Y, Fu ZY, Su BL. Hierarchically Structured Porous Materials for Energy
Conversion and Storage. Adv Funct Mater 2012;22:4634-67.

Li M, Lai ACK. Review of analytical models for heat transfer by vertical ground
heat exchangers (GHEs): a perspective of time and space scales. Appl Energy
2015;151:178-91.

Li C, Li B, Pan N, Chen Z, Umar Saeed M, Xu T, Yang Y. Thermo-physical properties
of polyester fiber reinforced fumed silica/hollow glass microsphere composite core
and resulted vacuum insulation panel. Energy Build 2016;125:298-309.

Lian TW, Kondo A, Akoshima M, Abe H, Ohmura T, Tuan WH, Naito M. Rapid
thermal conductivity measurement of porous thermal insulation material by laser
flash method. Adv Powder Technol 2016;27:882-5.

Liu W, Peng SW, Mizukami K. Moisture evaporation and migration in thin porous
packed bed influenced by ambient and operating conditions. Int J Energy Res
1997;21:41-53.

Lizana J, Chacartegui R, Barrios-Padura A, Ortiz C. Advanced low-carbon energy
measures based on thermal energy storage in buildings: a review. Renew Sustain
Energy Rev 2018;82:3705-49.

Lous M, Larroque F, Dupuy A, Moignard A. Thermal performance of a deep
borehole heat exchanger: insights from a synthetic coupled heat and flow model.
Geothermics 2015;57:157-72.

Lv Y, Zhou W, Jin W. Experimental and numerical study on thermal energy storage
of polyethylene glycol/expanded graphite composite phase change material.
Energy Build 2016;111:242-52.

Marangoni M, Nait-Ali B, Smith DS, Binhussain M, Colombo P, Bernardo E. White
sintered glass-ceramic tiles with improved thermal insulation properties for
building applications. J Eur Ceram Soc 2017;37:1117-25.

Maérquez JMA, Bohérquez MAM, Melgar SG. Ground thermal diffusivity calcula-
tion by direct soil temperature measurement. Application to very low enthalpy
geothermal energy systems. Sensors 2016;16:306.

McKinsey. Pathways to a low-carbon economy. Version 2 of the global greenhouse
gas abatement cost curve. United States: McKinsey & Company; 2009.

Mei D, Zhang B, Liu R, Zhang Y, Liu J. Preparation of capric acid/halloysite na-
notube composite as form-stable phase change material for thermal energy sto-
rage. Sol Energy Mater Sol Cells 2011;95:39-46.

Meng Q, Hu W. Roof cooling effect with humid porous medium. Energy Build
2005;37:1-9.

Miguel AF, Silva AM. Porous materials to control climate behaviour of enclosures:
an application to the study of screened greenhouses. Energy Build
2000;31:195-209.

Mozumder A, Singh AK. Solar heat flux reduction through roof using porous in-
sulation layer. Energy Procedia 2012;30:446-51.

Muthuraj R, Grohens Y, Seantier B. Mechanical and thermal insulation properties
of elium acrylic resin/cellulose nanofiber based composite aerogels. NanoStruct
Nano-Objects 2017;12:68-76.

Nahar NM, Sharma P, Purohit MM. Studies on solar passive cooling techniques for
arid areas. Energy Convers Manag 1999;40:89-95.

Neeper DA. “Potential benefits of distributed PCM thermal storage.” In:
Proceedings of the 14th Passive Solar Conference, Denver, CO, ISES, 1989, pp.
283-288.

Nemani V, Zumer M. New organic fiber-based core material for vacuum thermal
insulation. Energy Build 2015;90:137-41.

Neugebauer A, Chen K, Tang A, Allgeier A, Glicksman LR, Gibson LJ. Thermal
conductivity and characterization of compacted, granular silica aerogel. Energy
Build 2014;79:47-57.

Nield D, Bejan A. Convection in porous media. 4th ed. New York: Springer-Verlag;
2013.

Nomura T, Okinaka N, Akiyama T. Impregnation of porous material with phase
change material for thermal energy storage. Mater Chem Phys 2009;115:846-50.
Novais RM, Ascensao G, Seabra MP, Labrincha JA. Lightweight dense/porous
PCM-ceramic tiles for indoor temperature control. Energy Build 2015;108:205-14.
Okada K, Matsui S, Isobe T, Kameshima Y, Nakajima A. Water-retention properties
of porous ceramics prepared from mixtures of allophane and vermiculite for ma-
terials to counteract heat island effects. Ceram Int 2008;34:345-50.

Omrany H, Ghaffarianhoseini A, Ghaffarianhoseini A, Raahemifar K, Tookey J.
Application of passive wall systems for improving the energy efficiency in

246

[93]

[94]

[95]
[96]
[971
[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]
[112]

[113]

[114]

[115]

[116]

[117]
[118]

[119]

[120]
[121]

[122]

[123]

[124]

[125]

Renewable and Sustainable Energy Reviews 91 (2018) 229-247

buildings: a comprehensive review. Renew Sustain Energy Rev 2016;62:1252-69.
Pandey AK, Hossain MS, Tyagi VV, Rahim NA, Selvaraj JAL, Sari A. Novel ap-
proaches and recent developments on potential applications of phase change
materials in solar energy. Renew Sustain Energy Rev 2018;82:281-323.

Pavlik Z, Fort J, Pavlikova M, Pokorny J, Trnik A, Cerny R. Modified lime-cement
plasters with enhanced thermal and hygric storage capacity for moderation of
interior climate. Energy Build 2016;126:113-27.

Pei L, Kurumada KI, Tanigaki M, Hiro M, Susa K. Closed-porosity mesoporous silica
produced by high temperature rapid drying. J Mater Sci 2004;39:663-5.

Peippo K, Kauranen P, Lund PD. A multicomponent PCM wall optimized for pas-
sive solar heating. Energy Build 1991;17:259-70.

Pomianowski M, Heiselberg P, Zhang Y. Review of thermal energy storage tech-
nologies based on PCM application in buildings. Energy Build 2013;67:56-69.
Peuhkuri R, Rode C, Kielsgaard Hansen K. Non-isothermal moisture transport
through insulation materials. Build Environ 2008;43:811-22.

Rao VV, Parameshwaran R, Ram VV. PCM-mortar based construction materials for
energy efficient buildings: a review on research trends. Energy Build
2018;158:95-122.

Rashidi S, Esfahani JA, Rashidi A. A review on the applications of porous materials
in solar energy systems. Renew Sustain Energy Rev 2017;73:1198-210.
Raymond J, Therrien R, Gosselin L, Lefebvre R. Numerical analysis of thermal
response tests with a groundwater flow and heat transfer model. Renew Energy
2011;36:315-24.

Riffat SB, Zhu J. Mathematical model of indirect evaporative cooler using porous
ceramic and heat pipe. Appl Therm Eng 2004;24:457-70.

Roberts S. Altering existing buildings in the UK. Energy Policy 2008;36:4482—6.
Ruparathna R, Hewage K, Sadiq R. Improving the energy efficiency of the existing
building stock: a critical review of commercial and institutional buildings. Renew
Sustain Energy Rev 2016;53:1032-45.

Salyer IO, Sircar AK, Charloff RP, Advanced phase-change materials for passive
solar storage applications.” In: Proceedings Solar Building Conference, Silver
Spring, Washington, DC, 1985, Report CONF-850388, U.S. Dept. of Energy.
Salyer 10, Sircar AK. Development of PCM wallboard for heating and cooling of
residential buildings. United States: The University of Dayton Research Institute;
1989.

Sari A, Karaipekli A. Preparation, thermal properties and thermal reliability of
capric acid/expanded perlite composite for thermal energy storage. Mater Chem
Phys 2008;109:459-64.

Sari A, Karaipekli A. Preparation, thermal properties and thermal reliability of
palmitic acid/expanded graphite composite as form-stable PCM for thermal energy
storage. Energy Mater Sol Cells 2009;93:571-6.

Sari A, Bicer A. Thermal energy storage properties and thermal reliability of some
fatty acid esters/building material composite as novel form-stable PCMs. Sol
Energy Mater Sol Cells 2012;101:114-22.

Sari A. Composites of polyethylene glycol (PEG600) with gypsum and natural clay
as new kinds of building PCMs for low temperature-thermal energy storage.
Energy Build 2014;69:184-92.

Shang Y, Dong M, Li S, Mu L. Analysis of a ground source heat pump system using
an unsaturated 3-dimensional model. Energy Build 2017;112:1083-94.

Shang Y, Li S, Li H. Analysis of geo-temperature recovery under intermittent op-
eration of ground-source heat pump. Energy Build 2011;43:935-43.

Shi D, Sun Y, Feng J, Yang X, Han S, Mi C, Jiang Y, Qi H. Experimental in-
vestigation on high temperature anisotropic compression properties of ceramic-
fiber-reinforced SiO, aerogel. Mater Sci Eng A 2013;585:25-31.

Shokri Kuehni SMS, Bou-Zeid E, Webb C, Shokri N. Roof cooling by direct eva-
poration from a porous layer. Energy Build 2016;127:521-8.

Simmler H, Brunner S, Heinemann U, Schwab H, Kumaran K, Mukhopad-hyaya P,
Quénard D, Sallée H, Noller K, Kiikiikpinar-Niarchos E, Stramm C, Tenpierik M,
Cauberg H, Erb M. Vacuum Insulation Panels. Study on VIPComponents and
Panels for Service Life Prediction of VIP in Building Applications (Subtask A),
Technical Report, IEA/ECBCS Annex 39 HiPTI-project (High Performance Thermal
Insulation for Buildings and Building Systems); 2005.

Soares N, Costa JJ, Gaspar AR, Santos P. Review of passive PCM latent heat
thermal energy storage systems towards buildings' energy efficiency. Energy Build
2013;59:82-103.

Souayfane F, Fardoun F, Biwole PH. Phase change materials (PCM) for cooling
applications in buildings: a review. Energy Build 2016;129:396-431.

Stritih U. Heat transfer enhancement in latent heat thermal storage system for
buildings. Energy Build 2003;35:1097-104.

Tang X, Zhu B, Xu M, Zhang W, Yang Z, Zhang Y, Yin G, He D, Wei H, Zhai X.
‘Shape-stabilized phase change materials based on fatty acid eutectics/expanded
graphite composites for thermal storage.’. Energy Build 2015;109:353-60.
Tenpierik MJ. Vacuum insulation panels applied in building constructions [Ph.D.
Thesis]. Netherlands: Delft University of Technology; 2009.

Vafai K. Principles of heat transfer in porous media. 3rd ed. United States: CRC
Press; 2015.

Valladares-Rendén LG, Schmid G, Lo SL. Review on energy savings by solar con-
trol techniques and optimal building orientation for the strategic placement of
fagade shading systems. Energy Build 2017;140:458-79.

Vardoulakis E, Karamanis D, Assimakopoulos MN, Mihalakakou G. Solar cooling
with aluminium pillared clays. Sol Energy Mater Sol Cells 2011;95:2363-70.
Vasilyev GP, Peskov NV, Brodach MM, Lichman VA, Dmitriev AN, Gornov VF,
Kolesova MV. Estimation of the thermal effect of ground moisture condensation on
heat transfer outside a geothermal borehole. Energy Build 2014;82:795-8.
Wagner V, Bayer P, Kiibert M, Blum P. Numerical sensitivity study of thermal
response tests. Renew Energy 2012;41:245-53.


http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref59
http://energy.lbl.gov/coolroof/
http://www.policyconnect.org.uk/cc/research/report-future-heat-series-part-1-pathways-heat
http://www.policyconnect.org.uk/cc/research/report-future-heat-series-part-1-pathways-heat
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref60
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref60
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref60
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref61
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref61
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref61
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref62
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref62
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref62
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref63
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref63
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref63
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref64
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref64
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref65
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref65
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref66
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref66
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref66
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref67
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref67
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref67
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref68
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref68
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref68
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref69
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref69
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref69
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref70
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref70
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref70
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref71
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref71
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref71
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref72
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref72
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref72
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref73
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref73
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref73
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref74
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref74
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref74
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref75
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref75
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref76
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref76
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref76
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref77
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref77
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref78
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref78
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref78
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref79
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref79
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref80
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref80
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref80
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref81
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref81
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref82
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref82
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref83
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref83
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref83
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref84
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref84
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref85
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref85
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref86
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref86
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref87
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref87
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref87
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref88
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref88
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref88
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref89
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref89
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref89
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref90
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref90
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref90
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref91
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref91
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref92
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref92
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref93
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref93
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref94
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref94
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref95
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref95
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref95
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref96
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref96
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref97
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref97
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref97
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref98
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref98
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref99
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref100
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref100
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref100
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref101
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref101
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref101
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref102
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref102
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref102
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref103
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref103
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref103
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref104
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref104
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref104
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref105
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref105
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref105
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref106
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref106
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref107
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref107
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref108
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref108
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref108
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref109
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref109
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref110
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref110
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref110
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref111
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref111
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref112
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref112
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref113
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref113
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref113
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref114
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref114
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref115
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref115
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref116
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref116
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref116
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref117
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref117
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref118
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref118
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref118
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref119
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref119

S. Rashidi et al.

[126]

[127]

[128]

[129]

[130]

[131]

Wang A, Wang F, Ma Z, Wang X, Wu X. Research of heat and moisture transfer
influence on the characteristics of the ground heat pump exchangers in un-
saturated soil. Energy Build 2016;130:140-9.

Wanphen S, Nagano K. Experimental study of the performance of porous materials
to moderate the roof surface temperature by its evaporative cooling effect. Build
Environ 2009;44:338-51.

Wu H, Liao Y, Ding Y, Wang H, Peng C, Yin S. Engineering thermal and mechanical
properties of multilayer aligned fiber-reinforced aerogel composites. Heat Transf
Eng 2014;35:1061-70.

Xu Y, Ren Q, Zheng ZJ, He YL. Evaluation and optimization of melting perfor-
mance for a latent heat thermal energy storage unit partially filled with porous
media. Appl Energy 2017;193:84-95.

Yang T, Zhang X, Zhou B, Zheng M. Simulation and experimental validation of soil
cool storage with seasonal natural energy. Energy Build 2013;63:98-107.

Yang W, Kong L, Chen Y. Numerical evaluation on the effects of soil freezing on
underground temperature variations of soil around ground heat exchangers. Appl
Therm Eng 2015;75:259-69.

[132]

[133]

[134]

[135]

[136]

[137]

B

and Si

ble Energy Reviews 91 (2018) 229-247

X

Zhao J, Wang H, Li X, Dai C. Experimental investigation and theoretical model of
heat transfer of saturated soil around coaxial ground coupled heat exchanger. Appl
Therm Eng 2008;28:116-25.

Zhang Z, Zhang N, Peng J, Fang X, Gao X, Fang Y. Preparation and thermal energy
storage properties of paraffin/expanded graphite composite phase change mate-
rial. Appl Energy 2012;91:426-31.

Zhang R, Feng J, Cheng X, Gong L, Li Y, Zhang H. Porous thermal insulation
materials derived from fly ash using a foaming and slip casting method. Energy
Build 2014;81:262-7.

Zhang J, Guan X, Song X, Hou H, Yang Z, Zhu J. Preparation and properties of
gypsum based energy storage materials with capric acid—palmitic acid/expanded
perlite composite PCM. Energy Build 2015;92:155-60.

Zhang T, Shen R, Lin CH, Yin J, Wang S. Measuring moisture content in a porous
insulation material using a hot wire. Build Environ 2015;84:22-31.

Zhang L, Zhang R, Zhang Y, Hong T, Meng Q, Feng Y. The impact of evaporation
from porous tile on roof thermal performance: a case study of Guangzhou's cli-
matic conditions. Energy Build 2017;136:161-72.


http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref120
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref120
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref120
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref121
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref121
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref121
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref122
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref122
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref122
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref123
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref123
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref123
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref124
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref124
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref125
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref125
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref125
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref126
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref126
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref126
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref127
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref127
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref127
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref128
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref128
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref128
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref129
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref129
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref129
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref130
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref130
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref131
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref131
http://refhub.elsevier.com/S1364-0321(18)30187-4/sbref131

	Porous materials in building energy technologies—A review of the applications, modelling and experiments
	Introduction
	Mathematical modelling of transport phenomena in porous media
	Continuity equation
	Momentum equation
	Energy equation

	Applications of the porous materials in building energy systems
	Ground heat pumps
	Experimental studies
	Numerical/theoretical studies
	Combined experimental and numerical studies
	Methods for determining thermal conductivity and thermal resistance of soil
	Reviews of literature
	Summary

	Insulation systems
	Experimental studies
	Numerical/theoretical studies
	Combined experimental and numerical studies
	Reviews of literature
	Summary

	Roof cooling
	Experimental studies
	Numerical/theoretical studies
	Combined experimental and numerical studies
	Summary

	Thermal storage systems
	Experimental studies
	Numerical/theoretical studies
	Combined experimental and numerical studies
	Reviews of literature
	Summary

	Other systems

	Conclusions and recommendations for future works
	Conclusions
	Recommendations for future works

	Acknowledgement
	References




