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Abstract

Multi-glazing (including double-glazing) windows have attracted increasing attention over the
recent years due to their effective performance in saving energy consumption. The common
medium between two glass panes is stationary air or inert gas and it could be treated as an
extra component in multi-glazing windows. This opens possibilities to apply different fluids
and promising filling materials, including airflow, flowing liquid, aerogel and phase change
material (PCM), as advanced inter-pane medium to further enhance window performance and
match different requirements in different climates. To facilitate the application and further
development of such application technologies, this paper aims to provide a comprehensive
review mainly including: application technologies, performance assessment methods and
indicators, and performance analysis of different application technologies. Also, a comparison
of energy saving potentials of different advanced inter-pane mediums in different climates is

provided. In addition, the suggestions for future works are given based on current progress.
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1. Introduction

In recent years, solutions to reduce energy consumption have been paid more and more
attention, owing to energy crises. According to [1], building energy consumption account for
more than one-third of total energy. A large part of building energy consumption is caused by
heat loss through the envelopes (i.e., roof, walls, doors and windows), among which windows
are the weakest thermal components [2]. Hence, the window system possesses a great
potential to reduce the building energy consumption.

Over the last years, some glazing materials (e.g., tinted glazing) and coatings (e.g.,
thermochromic coating) have been developed to improve window optical properties [3]. To
enhance window thermal properties, an effective way is to multiply the number of glass panes,
which is popular in both new buildings and retrofitted historic buildings [4—-8]. As reported in
[8], by replacing a single pane window with a double pane window, 72.6% energy could be
saved in a warm region of Mexico. In the multi-glazing windows, the space between two
glass panes is often filled with air or inert gas and it can be treated as an additional component.
This opens possibilities to apply airflow, flowing liquid, aerogel and PCM as advanced inter-
pane medium to further improve window thermal and energy performances. In the
development of application technologies, different types of liquids and promising materials
(including aerogels and PCMs), different operation modes of airflow and flowing liquid, and

different window structures have been proposed. The thermal and energy performances of the



proposed application technologies as well as the influential factors have been widely

investigated in studies. In addition, some attention have been paid on the performance

assessment methods especially for the numerical modelling methods as the use of advanced

inter-pane medium does add difficulties in describing the heat transfer process in multi-

glazing windows. To facilitate the application of advanced inter-pane medium and to further

develop application technologies, a comprehensive review including the existing application

technologies, performance assessment methods and performance indicators, and performance

analysis of different application technologies is required.

The paper is structured into six sections: Section 1 presents the motivation of this review.

Section 2 summarizes the application technologies of each advanced inter-pane medium as

well as advantages and limitations of each medium in applications. In section 3, experimental

and numerical modeling methods as well as performance indicators are introduced. Section 4

reviews comparative studies and parametric studies carried out for investigating performance

of different application technologies and compares energy saving potentials of different inter-

pane mediums under different climates. Section 5 provides suggestions for future researches

and section 6 concludes this paper.

2. Application technologies of advanced inter-pane medium
In this section, application technologies of different advanced inter-pane mediums (i.e.,
airflow, flowing liquid, aerogel and PCM) are summarized. Also, advantages and

disadvantages of each inter-pane medium in real applications are summarized and compared.



2.1 Application of airflow

The air flowing through the cavity between two glass panes could be driven by either

natural or mechanical forces. As illustrated in Fig. 1, the ventilation mode can be designed as

supply mode, exhaust mode, indoor air curtain mode, outdoor air curtain mode and dual

airflow mode [9,10]. In the supply mode, the outdoor fresh air is provided and it is preheated

by the solar radiation and the heat escaped from the interior glass before it enters a room.

Thus, the supply-air window is often applied in cold climates to function as both a heat

reclaim device and a solar collector. Similar to the supply mode, the indoor air curtain mode

is also suitable for winter conditions. In the exhaust mode, the indoor air is drawn out through

the channel to cool the glass panes and remove accumulated heat in the cavity. Thus, the

exhausting airflow window is often treated as a passive cooling system in summer. The

airflow window operated in outdoor air curtain mode holds the same function as the

exhausting airflow window. In the dual airflow mode, the supply fresh air could be preheated

and cooled by the exhaust air in winter and summer, respectively. Thus, the dual-airflow

window is suitable for different climates acting like a heat exchanger. Another possible

solution to achieve good performance in regions that have both heating demand in winter and

cooling demand in summer is using reversible ventilated windows. In the reversible ventilated

windows, airflow is operated in indoor air curtain mode under winter conditions and operated

in outdoor air curtain mode under summer conditions. It should be mentioned that the inner

glass of the double windows illustrated in Fig. 1 could be an insulated double-glazing unit to

improve window thermal performance.
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Fig.1. Ventilation modes: (a) supply mode; (b) exhaust mode; (c) indoor air curtain mode; (d)
outdoor air curtain mode; (e) dual airflow mode; (f) indoor air curtain mode in winter and

outdoor air curtain mode in summer

2.2 Application of flowing liquid

The applied liquids in multi-glazing windows can be divided into three categories: pure
water [11], anti-freeze liquid [12] and coloring liquid [13—15]. The application of flowing
liquid could improve the window’s heat storage behavior and the absorbed heat in liquid
could be used to pre-heat the domestic hot water through fluid circulation. The fluid
circulation can be designed as closed-loop circulation or open-loop circulation. In the closed-
loop system (Fig. 2(a)), the fluid in the cavity between two glass panes keeps circulating
inside and it exchanges heat with the feed water through the heat exchanger. To reduce piping
requirement, Chow et al. proposed a closed-loop system with a submerged heat exchanger as
shown in Fig. 2(b) [16]. In the open-loop circulation (Fig. 2(c)), the feed water is directly

supplied into the cavity to absorb solar heat gain and later extracted from the cavity.
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Fig. 2. Fluid circulation: (a) closed-loop circulation; (b) closed-loop circulation with a

submerged heat exchanger; (c) open-loop circulation

The simple liquid-flow window configuration is composed of two glass panes and a
liquid-flow layer. Due to the fact that the thermal conductivity of liquid is higher than that of
air, some configurations made of triple or multiple glass panes (as shown in Fig. 3) have been
proposed to integrate liquid-flow layer with some components of low thermal conductivity

such as air layer [17], inert gas layer [18] and vacuum gap [19].
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Fig. 3. Configurations of liquid-flow windows

Another characteristic of liquid-flow windows is that the inlet liquid temperature is

sometimes controlled at a constant value. According to this, the liquid-flow window could



function as a heating or cooling radiator to achieve desired performances. The control systems

and strategies are different from case to case as shown in Table 1.

Table 1 Control systems and strategies of inlet water temperature

Configuration Control Control strategy Ref.
system
Glass/ water/ Electric The inlet temperature is taken as a constant  [20,21]
glass; heater value.
Glass/ argon/  Ground The inlet temperature is taken as a constant ~ [22]
glass/ water/ source value; Water keeps circulating in summer,
glass; heat and it stays in the cavity until reaching
exchanger 35 °C in winter.
Glass/ vacuum Not Warm water is supplied when there are [19]
gap/ glass/ mentioned more than 15 days with daily average
water/ glass temperature lower than 21 °C, and cold
(cooling water is supplied for the remaining period.
season);
Glass/ water/
glass/ vacuum
gap/ glass
(heating
season);
Glass/ water/ Ground For the outer fluid, its inlet temperature is [23]
glass/ air/ low- source taken as outdoor air temperature; For the
e glass/ water/  heat inner fluid, its inlet temperature is fixed at
glass; exchanger 16.7 °C.
Glass/ water/ Ground For the outer fluid, its inlet temperature is [24]
glass/ air/ low- source taken as outdoor air temperature; For the
e glass/ water/  heat inner fluid, its inlet temperature is fixed at
glass; exchanger 22.9 °C.
Glass/ water/ Not For the outer fluid, its inlet temperature is [25]
glass/ air/ mentioned taken as ambient temperature; For the inner

glass/ water/
glass;

fluid, its inlet temperature is fixed at
constant value (34 °C, 37 °C and 40 °C) in
January, February and December, and it is
set as ambient temperature in other months.

2.3 Application of aerogel

Aerogel is a porous material that has a super lightweight property and a low thermal

conductivity. In this view, aerogel is often used in double glazing as an additional insulation
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layer. The employed aerogel can be divided into two categories: granular aerogel and
monolithic aerogel [26]. Compared to the granular aerogel, the monolithic aerogel shows a
better performance in terms of higher light transmittance together with higher insulation
performance [27]. Nevertheless, the application of the monolithic aerogel is restricted due to

the difficulty in the production of monolithic aerogel with a high optical quality [28].

2.4 Application of PCM

The PCM is a substance which is capable of releasing/absorbing a large amount of
energy in the form of latent heat based on phase changing. The phase transition can be
classified into four states: solid-solid, solid-liquid, gas-solid and gas-liquid [29]. For practical
purpose, only the solid-liquid PCMs can be used for building applications [30]. There is a
wide variety of commercial PCMs with different melting temperatures. Commonly, the PCMs
are classified into three types: organic (e.g., paraffin, fatty acid), inorganic (e.g., salt hydrates
and metals) and eutectic (e.g., capric + lauric acid) [31,32]. Each type of PCM has some
advantages and disadvantages for use in buildings, which have been summarized in previous
studies [29,30]. The main limitation for most PCMs is the low thermal conductivity which
indicates a long time is required to completing the melting or solidification process [32]. This
adds the difficulty of PCM applications in buildings. To enhance the thermal conductivity of
PCMs, a number of approaches have been proposed such as adding metal structures,
microparticles and nanoparticles and impregnating porous material with PCM [30,32,33].

Among these approaches, the addition of nanoparticles has attracted more and more attentions



due to the fact that nanoparticles have super high thermal conductivities and small sizes (less
than 100 nm). The nanoparticles could be divided into the following types: carbon-based,
ceramic-based, metal-based, polymer-based and semiconductor [33]. The excellent
performance of nanoparticles in improving the thermal conductivity of PCMs has been
revealed in studies [34,35]. The nano-enhanced PCMs have been applied in some fields to
improve energy storage capacity [33,36], but its application in multi-glazing windows 1is still
limited.

The use of PCMs as inter-pane could improve the thermal inertia of windows. The
simple prototype of PCM glazing is composed of two clear glass panes and a PCM layer (Fig.
4 (a)). Due to the fact that the PCM has a higher thermal conductivity than air layer, some
researchers proposed multi-panes glazing as shown in Fig.4. by filling PCM in the inner or
outer cavity [37,38] or integrating the PCM layer with the aerogel layer [39] to achieve a
required conductivity. Moreover, the utilization of outer gas layer or aerogel layer could help
activate the PCM’s melting process in severe cold climate, and the inner gas layer is suitable

for hot climate to avoid overheating phenomenon.

PCM

Outdoor
Indoor

(@ (b) (©) (d)

Fig. 4. Configurations of PCM windows



The advantages and disadvantages of each advanced inter-pane medium in real
applications are summarized in Table 2.

Table 2 Comparison of advanced inter-pane medium

Inter-pane Advantages Disadvantages

medium

Airflow — Light-weight; — Condensation problem under humid
— Transparent. conditions and at low ambient temperature.

— Additional fans are needed for
mechanical ventilation;

Flowing — Transparent; — Heavy-weight;

liquid — High heat capacity. — Leakage risk;
— Additional facilities are needed such as
piping and heat exchanger.

Aerogel — High insulation performance; — Durability issue;
— Light-weight. — Subsidence problem:;
— Translucent.
PCM — High thermal energy storage - Translucent in the solid state;
capacity. — Increased weight;
— Leakage problem.

3. Performance assessment methods and indicators

In this section, experimental and numerical methods as well as performance indicators
for assessing the feasibility of different application technologies are summarized and
discussed.
3.1 Performance assessment methods
3.1.1 Experimental methods

Experiments are necessary to test the actual performance of a given multi-glazing

window and validate numerical methods. According to boundary conditions in testing,
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experimental methods are divided into two types: laboratory experiments and in-situ

experiments.

Laboratory experiments are conducted under controlled conditions to measure steady-

state thermal and optical properties. For thermal properties measurements, the guarded hot

plate (GHP) method, the heat flow meter (HFM) method and the hot box (HB) method are

three standard methods [40—46]. As shown in Fig.5 (a), the GHP apparatus is composed of

two cooling units and a heating unit surrounded by guarded sections. Specimens are placed

between the cooling and heating unit. In the GHP method, the power supplied to the heating

unit is measured to determine the heat flow through the specimen. The HFM apparatus (as

shown in Fig.5 (b)) is similar to the GHP apparatus. In the HFM method, the heat flow

densities are measured by heat flux meters placed on the surface of the specimen. The HB

method includes the guarded hot box (GHB) method and the calibrated hot box (CHB)

method. As illustrated in Fig.5 (¢) and (d), the GHB apparatus is composed of a guard box, a

metering box and a cold box, and the CHB apparatus is composed of a metering box and a

cold box. The specimen is placed between the metering box and the cold box. In the HB

method, the heat flow through the sample is determined by the energy supplied to the

measuring box, the calibrated metering box loss and flanking loss. Among the above methods,

the GHP method and HFM method are suited for glass units with homogeneous structures.

While for full-scale windows with inhomogeneous structures, the HB method is

recommended. For optical properties measurements, they are typically performed for multi-

glazing windows filled with translucent materials (i.e., aerogel and PCMs). The commonly
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used facilities include spectrometer, spectrophotometer, or spectrophotometer with an
integrating sphere. In [47], the authors measured PCM-filled double glazing units based on a
commercial spectrometer and a dedicated test bed including a large integrating sphere. In the
measurements, the spectral was set in the range of 300-2500 nm to get the spectral data (i.e.,
spectral transmittance, absorptance and reflectance). They concluded that a dedicated test bed
was necessary for scattering and diffusing glazing units, as the commercial spectrophotometer
might have difficulties in providing accurate measurement. With the measured spectral data,
the solar and visible transmittance could be calculated by following the methods described in
the International standard ISO 9050 [48]. Based on the measured window thermal and optical
properties, the applicability of advanced inter-pane medium could be deduced. Moreover,
attributed to the controllability of laboratory experiments, they are often taken for parametric

studies to identify important influential factors and their effects.
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Fig. 5. Laboratory methods: (a) GHP method, (b) HFM method, (¢) GHB method [49],

(d) CHB method [49]

In-situ experiments are taken under real conditions to test and understand window
performance in real applications. The in-situ experiment apparatuses are determined by the
purposes of the experiments such as dynamic performance assessment and model validation.
The international standard ISO 9869 introduces the in-situ measurement of thermal
transmittance by using thermocouples and heat flux meters [50]. In in-situ experiments,
several influencing factors simultaneously act during the measurement and it is therefore
difficult to take single factor analysis. Nevertheless, in-situ experiments could be carried out
for comparative studies with two similar test rooms (as shown in Fig.6) to infer the

contributions of the advanced inter-pane medium.
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Fig.6. Test-beddings for comparative studies: (a) HYBCELL in Lyon, France [9]; (b) Test
rooms in a real building in Gyeonggi-do, Korea [51]; (c) Test cells in Nanjing, China [52]; (d)
Test cells in Perugia, Italy [28]; (e) test cells in Hong Kong, China [53]; (f) TWINS test cell

facility in Torino, Italy [54];

3.1.2 Numerical methods and treatments

The numerical simulation is a cost-saving and time-saving way to do both comparative
studies and parametric studies. The use of airflow, flowing liquid, aerogel and PCM as inter-
pane medium in multi-glazing windows adds difficulties in replicating the heat transfer
process through numerical simulations. Some of the most complex parts that should be
carefully considered in numerical simulations are: the phase change problem, the flow
problem and the optical problem. According to this, different numerical models and
treatments have been provided, and main equations and hypotheses adopted for models are
summarized and discussed in the following.
(1) Numerical treatments on phase change problem

According to the treatments on phase change problem, numerical models are classified
into heat capacity methods and enthalpy methods.
® Heat capacity method

In the heat capacity method, the temperature is the only variable. The equations for solid

state, liquid state and liquid-solid interface are:

oT, 0°T, .
PpcmCpcem,s gcm.s = pCZm,S + &
T ax
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1)

0Tpemt  02Tpems . (
PPOL T
x 2)
0T em, OTpem: ds (
Apcm,s% — Apem,l % +¢ = ppcmH _T

Where p is the density, kg/m?; c is the specific heat capacity, kJ/kg K; A is the thermal
conductivity, W/m K, H is the specific enthalpy, kJ/kg; @ is the absorbed heat, W/m?2; S is the
position of the liquid-solid interface, and the subscript s and / represent solid PCMs and liquid
PCMs, respectively.

The complicated problem in such numerical analysis is that the solid-liquid boundary
moves in the melting or solidification process. To solve this problem, Ismail and Henriquez
utilized the moving grid procedure [55]. In the moving grid procedure, the direction of
melting/re-solidification is required as a priori. While the real melting/re-solidification
process is complex and it does not necessarily occur from one side to another side. Therefore,
Goia et al. developed a simplified numerical model which transforms the “multi-phase”

problem into a “single-phase” problem by defining an equivalent heat capacity [56]:

oT 02T, . (
ppcmC;;cm ;;m = Apem _pzcm + @

The equivalent heat capacity (cpcp) in Eq. (4) was described as a function of temperature.

The results showed that the simulated data and measured data on surface temperature were in
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close proximity, while there was a deviation between the simulated and measured transmitted

radiation and heat fluxes [56].

® Enthalpy method

The enthalpy method is a popular method to solve the phase change problem as it does

not require to track the moving boundary [52]. In this method, the specific enthalpy is defined

as the variable. The governing equation is expressed as Eq. (5).

0H aszcm ,
ppcmg = pcmW‘l‘ P
5)
The enthalpy in Eq. (5) is the sum of sensible and latent heat of the PCM, that is,
T
H = f ppcm,kcpcm,kdt + ppcmlg (T) QL (6)
T,

pcm,s

Where [ represents the liquid fraction. The function B(T) is typically described by the

Eq. (7) based on the linear assumption which may not be really the case [57].

Ir 0 (T < Tpems)
T —-T,
ﬁ(T) = 4 T _P;m,s (Tpcm,s <T< Tpcm,l)
L pem,l pcm,s 7)
1 (T > Tpems)

(2) Numerical treatments on fluid problem

According to the treatments on the fluid problem, the numerical models for fluid medium

could be categorized into fluid-simplified models and CFD models.

® Fluid-simplified model

In the fluid-simplified model, the fluid medium between two glass panes is modeled

based on either zero-dimension or one-dimension assumption. For the zero-dimension
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assumption, the total fluid medium is assumed uniform and for the one-dimension assumption,
the fluid medium is divided into several sections along with the height. The heat transfer
between fluid medium and glass panes is calculated based on the convective heat transfer
coefficient (h.) which is determined by empirical correlations. The energy balance equation

for the one-dimensional model can be written as Eq. (8).

0Ty ; j
a’;’ = Ajhe(Tgo; = Tpj) + Ajhe(Tyij — Tp ) + cri(Ty; — Tpjoa) + @

pcV
8)

Where A is the area of glass surface j, m?; V is the volume, m?; m is mass flow rate of the
fluid, kg/s; @ is 0 when the fluid is airflow, and the subscript go, gi and f represent the outer
glass pane, the inner glass pane and the fluid, respectively.

This simplified model is suitable for long-term simulations and adapted in building
energy simulation tools (e.g., EnergyPlus). It should be mentioned that estimation errors may
occur if the empirical correlation is not precisely fit for the studied phenomenon.
® Computational fluid dynamic (CFD) model

In the CFD model, the fluid medium is modeled based on two- or three-dimensional
assumptions by meshing the fluid region into finite number of control volumes [58,59].
Navier-Stokes equations, mass balance equation and energy balance equation are established
for each controlled volume to get detailed temperature and velocity filed. The Navier-Stokes

equations for the fluid medium are as Eq. (9) and (10).
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9)

10)

Where u and v are the velocity, m/s; u is the dynamic viscosity, kg/ms; § is the thermal
expansion coefficient, K!: T, is the temperature in the undisturbed fluid far from the surface,
K.
(3) Numerical treatments on the optical problem

According to the complexity of the optical assumption, the numerical method for
radiative heat transfer could be classified into the radiosity method and radiative transport
equation (RTE) solutions.
® Radiosity method

The radiosity method is based on the following assumption: (1) the glass panes are
assumed as grey bodies and opaque to thermal radiation; (2) the inter-pane medium is
assumed as a non-participating medium. In the radiosity method (as shown in Eq. (11)), the
view factor (Fj;) needs to be calculated before simulating the radiation. The view factor is

determined by the surfaces’ size, separation distance and orientation [40].

N (11
Ji=¢&oT!+ (11— Ei)z Fij];
=1

Where ¢; is the emissivity of surface i, o is the Stefan-Boltzmann constant, W/mZK*, J; is the

radiosity of surface j, W/m?2.

18



® Radiative transport equation (RTE) solutions
The radiative transport equation for an absorbing, emitting, scattering medium can be

written as [60]

dl ¢

g,
—2 = kplpy — kply — Osply +—— f I,3)®, (3;,8)d;
ds ATT ) gam 2)

Where $;, § is the direction vector; k is the absorption coefficient, K!: g is the absorption
coefficient, m™!; @ is the phase function; £ is the solid angle; the subscript 77 represents the
wavelength.

In this equation, the radiation intensity and temperature are two variables. The
integration of the radiation intensity is the solar source term in the energy balance equation

which is written as

dI, (1

—dn:. =V- q
fﬂ=47‘t ds l " 5)

The discrete ordinates model is commonly used to solve the RTE equation.

3.2 Performance indicators
3.2.1 Thermal and optical property indicators

Thermal transmittance (U-value), solar heat gain coefficient (SHGC, also called g-value)
and visible transmittance (V7) are three standard indicators implied in many studies for

characterizing the thermal and optical properties of windows [61].
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The standard U-value (W/m? K) represents the heat transferred through per m? of the
given window under one degree of the temperature difference (A7) between indoor and
outdoor air temperatures. Considering that the heat loss through the interior glass is partly
recovered when the supply airflow is applied, the equivalent U-value (U,, W/m? K) which
represents the heat escaped from per m? of the exterior glass under one degree of AT was
firstly proposed by [62]. A lower U-value indicates a higher insulation performance and it
should be as low as possible. The g-value is the fraction of incident solar radiation that enters
into the room, and it is sometimes replaced by the shading coefficient (SC) which is the ratio
of the g-value for the given window to that of a 3 mm thick clear glass. The favorable g-value
differs between climates: high one for cold climates and low one for hot climate. The VT is
the percentage of visible light that transmits through the window. A window with high value
of VT could provide pleasant view of outside and a good amount of light but it also
contributes to high heat gains as well as potential glare.

These indicators can support decision making during design and refurbishment process
regardless of the building. Moreover, the U-value and g-value are widely used in building
simulation tools such as EnergyPlus to simulate energy performances. However, these
indicators are static and thus they cannot reflect window dynamic performance in real climate
conditions.

3.2.2 Energy performance indicators
Energy evaluation of a window is commonly carried out in terms of heat gain/loss,

energy demand and energy saving rate. The heat gain/loss (also called energy consumption of
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window and total transmitted energy) is an indicator from the aspect of window level. It
includes the solar radiation that directly transmits through the window and the convective heat
transfer between the interior surface and the indoor air. The energy demand (also called
energy consumption and energy load) is an indicator from the aspect of building level. The
total energy demand should take that for heating, cooling, lighting, and also for additional
facilities such as pump and fans into consideration. Energy saving rate is a measure of relative
difference between the energy gained by the given window and the reference window.

For the supply-air window, the heat recovered from the heat loss through the inner glass
is an additional indicator to evaluate the window’s capability as a heat reclaim device. For the
liquid-flow window, the heat gained by the liquid-flow layer is an extra indicator to reveal its

capacity to preheat domestic water.

4. Performance analysis of different application technologies

In this section, the comparative studies and parametric studies carried out for identifying
performances of different application technologies are summarized. Also, energy saving
potentials of each advanced inter-pane medium are compared under different climates.
4.1 Thermal and optical properties

Wright carried out simulations for eleven window configurations composed of different
inner and outer glazing, with or without supply air flow [62]. It was found that, the supply air-
flow utilization could lead to 31-58% reduction of U-value and 1-5% increase of SC value.

Also, the author noted the low-e coating could better exert its benefit when it was placed on
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the surface of the inner glazing that faces the air flow channel. A similar finding was reported
in [63] that U.-value was almost reduced by 50% by changing the position of low-e coating.
Another finding in [63] was that an increase of the supply air flow rate from 5.6 I/s to 14 1/s in
a 30 mm cavity led to a decrease in U.-value. Another parametric study with varying air flow
rates could be observed in [64] based on a modified guarded hot box. The experimental
results showed that the recovered heat gain was increased with increasing the air flow rate,
while the heat recovery lost its effect on energy saving when the air flow rate was larger than
6 1/s in an 83 mm air channel. In a later study performed by [65], the correlation between the
window aera and U.-value was calculated based on CFD simulations. Carlos and Corvacho
provided U.-value and g-value of supply-air windows with different configurations and
different air flow rates [66,67].

Skaff and Gosselin performed CFD simulations and identified U-value and g-value of a
double insulated glazing unit and a ventilated glazing unit operated in exhaust mode or
outdoor air curtain mode with varying cavity widths under NFRC design conditions (783
W/m? solar radiation, 24 °C indoor temperature and 35 °C outdoor temperature) [68]. The g-
value of the ventilated glazing unit was lower than that of the insulated glazing unit regardless
of operation modes. In addition, g-value almost remained the same value as the cavity width
increased, which is consistent with the result reported in [69,70]. For the U-value, it was
decreased when the airflow operated in exhaust mode was applied and but it was increased
when the airflow operated in outdoor air circulation mode was applied. A similar finding

could be observed in [70] that an increase of air entry temperature led to a deterioration of
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window performance. Another interesting finding in [68] was that the U-value of the

ventilated glazing unit operated in exhaust mode was decreased as the air channel width

increased until 3 cm.

A number of laboratory studies have been done to investigate the thermal and optical

properties of aerogel glazing [71-75]. The general finding is that, by adding granular or

monolithic aerogel in the same thickness cavity instead of air, the U-value, g-value and VT

value all decreased. Mover, compared to the granular aerogel glazing, the monolithic aerogel

glazing showed better performance with a higher visible transmittance and a lower thermal

transmittance [26]. Several parametric studies reported the impact of granular aerogel

thicknesses and particle sizes on window thermal and optical properties [27,76—78]. Gao et al.

characterized two aerogel glazing units filled with small (size<0.5 mm) and large (size 3-5

mm) granules by using a spectrophotometer and heat flow meters, and found that the unit with

smaller granules had lower U-value, g-value and VT value [27]. In [77], 12 pieces of aerogel

glazing with varying granular particle sizes and aerogel filling thicknesses were measured by

a spectrometer. The measurement results showed that the SC and VT values had positive

correlations with the particle size and negative correlations with the filling thickness. In

addition, the filling thickness has a greater influence than the particle size. Moretti et al. found

that as the thickness increased from 10 mm to 35 mm, the U-value and g-value and VT

decreased [78]. Another interesting finding was that when the aerogel particle changed from

large size to small size, the g-value decreased from 0.76 to 0.65 while U-value almost did not
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change. According to this, the larger particle size is more suitable for cold climates to provide

larger solar gains.

With regard to liquid-flow windows and PCM windows, only a few studies have been

carried out for identifying their thermal and optical properties [17,47,55]. Sierra and

Hernandez provided analytical expressions of g-value and U-value for the water-flow window,

which demonstrated that these two values could be modified by changing the water flow rate

[17]. The optical properties of double-glazed units filled with liquid and solid PCM were

measured in [47] based on a commercial spectrophotometer and a dedicated test bed equipped

with a 0.75 m integrating sphere. Ismail and Henriquez characterized the U-value and g-value

of PCM-filled double-glazed units with different filling thicknesses [55]. Their experimental

measurement indicated that the g-value seemed to be unaffected by the increase of the PCM

thickness, while the U-value decreased with the increase of the PCM thickness. But they did

not mention the PCM state. Further studies for identifying optical and thermal properties of

liquid-flow windows and PCM windows are still needed.

4.2 Energy performance

4.2.1 Ventilated window

Carlos et al. conducted experiments based on the outdoor test cells built in Portugal and

carried out simulations to investigate the effectiveness of supply-air windows in preheating

fresh air for different orientations and different climate regions [79,80]. They concluded that

the supply-air window could be chosen for any orientation of buildings where pre-heating
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fresh air is needed even if there is a lack of solar radiation. They also tested different

configurations by changing the inner window from a single glass window to a double glass

window [81]. But they did not compare supply air windows with conventional multi-glazing

windows. Barakat performed experiments in Ottawa, Canada, to compare a supply-air

window with a double-glazed insulated window and a triple-glazed insulated window [82].

The supply-air window is a sealed double-glazed window retrofitted by adding an extra

glazing on the outside. The experiment was conducted for four months during the heating

season, and the reductions of energy consumption were shown as 25% and 20% compared to

the insulated double-glazed window and triple-glazed window, respectively. In [10], a supply-

air triple-glazing window was compared with conventional double- and triple-glazed

windows, and it performed better than the conventional ones in terms of daily energy balance.

Skaff and Gosselin also investigated the benefits of introducing the airflow operated in

outdoor air curtain mode into different double-glazing units under a summer design condition,

in terms of total heat gain [68]. The tested double-glazing units adopted different exterior

glass panes with different absorption coefficients. Results pointed out that, the reduction of

heat gain caused by the airflow was in the range of 6.8%—55%. The seasonal energy

performance of a mechanical ventilated exhausting airflow window in a typical evaporatively-

cooled space in Shiraz city was presented in [83]. The average heat gain of the studied

window was 16.6% less than that of the absorptive-clear double window during cooling

season from May to September. The authors also studied the impact of the air cavity thickness

and the window aspect ratio on the window performance in the hottest month. They found
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that the heat gain increased with the increase of the cavity thickness but decreased with the
increase of the aspect ratio. Considering that extra energy consumption of fans will increase
when the cavity thickness is decreased, there is a minimum thickness to achieve positive net
energy saving and the minimum thickness is lager for higher aspect ratio. Choi et al
performed CFD simulations for an exhausting airflow window which was composed of an
outer clear single glass pane and an inner double low-e glazing [51]. From their results, the
weekly cooling energy was reduced by 9% when the ventilated window was applied instead
of a triple glazing with the same glass panes.

In order to evaluate the performance of a dual-airflow window, a modified EnergyPlus
program have been developed [84]. On this basis, Wei et al. carried out a comprehensive
parametric study and determined an optimum design for the studied dual-airflow window [85].
The optimized dual-airflow window could save 25% energy for cooling and heating in
Guangzhou, 28% in Kunming, 29% in Shanghai, 32% in Beijing and 34% in Harbin, as
compared to a conventional triple glazing. In this view, the dual-airflow window has greater
potential of energy saving in colder climates.

The energy saving potentials of different reversible ventilated windows have been
revealed in several studies [86-90]. Based on the PASLINK test cell in Porto, Leal and
Maldonado carried out experiments for a reversible ventilated window (named SOLVENT
window) with a fixed double glazing and a movable absorptive glazing [86]. The ESP-r based
simulations were latter validated and performed to compare the SOLVENT window with a

double clear glazing window and a double-glazed solar control window. The energy demand
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for heating, cooling and lighting was reduced by 16% and 8% respectively. The performance
of a reversible ventilated window made of a fixed float glass and a moveable absorptive glass
under the climates of Hong Kong and Beijing is clearly shown in [87,88]. The authors
concluded that the reversible mechanism was not necessary in Hong Kong, but it really had
significant energy saving advantage in Beijing. As reported in [88], the total heat gain was
reduced by 24.9% compared to a double absorptive-clear glazing system for the summer

months in Beijing, but it increased by 46.2% for the winter months.

4.2.2 Liquid-flow window

The double-glazed water-flow window has been extensively studied by a research team
in Hong Kong [11,12,16,53,91-95]. In [91], the heat gains of a variety of single-glazed and
double-glazed windows were simulated under a steady-state summer condition. A clear-clear
double-glazed window resulted in 380 W/m? heat gain and this value reduced to 314-319
W/m? for the clear-clear water-flow window. Under the climate in Hong Kong, the
absorptive-clear water-flow window could reduce annual room heat gain by around 32% in
comparison with the absorptive-clear double glazing [92]. When clear-reflective water-flow
glazing was utilized, indoor heat gain was reduced by 40% and 13% compared to reflective
single glazing and reflective-clear double glazing respectively [93]. In addition, 22-35%
reductions of cooling loads were found in a large sport center by replacing clear-reflective
water-flow glazing with conventional double glazing [11]. The annual performances of an

absorptive-absorptive water-filled glazing with a submerged heat exchanger in nine cities of

27



China were reported in [16]. Results showed that compared to an air-cavity double glazing,

the room heat gain was reduced by 10-20% and the net energy savings (heating, cooling and

water heating) achieved 916.85-1813.15 MJ/m?. Also, a variety of influencing factors

including the glazing property [53], glazing height-to-width ratio (GHTWR) [94], water

circulation design [95], header design [96], water layer thickness [94], supply water flow rate

[95], warm water temperature [95] and concentration of propylene glycol in anti-freeze liquid

[12] have been studied by the same research team. The main results are as follows:

As the GHTWR decreased, the room heat gain was reduced but the water heat gain
was improved until the GHTWR was around 0.4. With a further decrease of
GHTWR, the water heat gain was reduced [94].

A higher water heat gain but a lower room heat gain could be found in the open-loop
system compared with the closed-loop system [95].

Modifying the opening diameter or distribution of opening on headers has
insignificant effects on the indoor heat gain [96].

As the water layer thickness increased, both the water heat gain and room heat gain
decreased [94].

When the supply water rate increased from 200 ml/min to 400 ml/min, the water
heat gain was improved, but no obvious improvement was observed when the rate
had a further increase [95].

Increasing warm water temperature resulted in a greater room heat gain but a lower

water heat gain [95].
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® The decrease of the water heat gain could be observed by increasing the anti-freeze

concentration [12].

The annual energy performance of a double-glazed water-flow window (see details in

Table 1) in the continent climate was evaluated by Gile-Lopez and Gimenez-Molin based on

simulations [20,21]. The numerical model was validated by experiments taken in a small box

in Madrid, Spain. The energy demand for heating and cooling was reduced by 18.26%

compared to the air-filled double glazing. But they did not mention whether the energy used

to preheat the water was considered.

The performance of triple-glazed liquid-flow windows could be found in [15,19,22,97].

In [22], the performance of a water-flow window (see details in Table 1) was evaluated based

on considering cases with and without use of water heat gain. Based on the presented annual

simulation results in thirteen cities, this review shows a calculation of energy saving rates

caused by the utilization of water flow. The energy saving rates were in the range of -12-80%

and -2-82% for cases without and with use of water heat gain, respectively. In their further

research, another similar configuration with dynamic control of liquid transparency was

proposed and investigated in seven cities [15]. Lyu et al. performed annual simulations for a

vacuum-water flow window (see details in Table 1) in three cities of China [19]. Compared to

a double-glazed water-flow window, the room heat gain was reduced by around 42% in

cooling climate. While for heating climate, the use of vacuum layer reduced not only heat loss

but also the excessive room heat gain when the solar radiation or outdoor temperature was

high. An experiment study for the same configuration was carried out in cooling season of
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Chengdu, China, by comparing to a similar configuration with an outer insulation air gap
instead of a vacuum gap [97].

Li et al. performed simulations of an office room equipped with a quadruple-glazed
double-circulation flow window (see details in Table 1) for cooling season in Shanghai, China
[23]. The simulations were carried out to achieve zero indoor heat gain (case 1) and zero
cooling load (case 2) by varying water flow rates. As compared to the base case with a low-e
double-glazed window, the net energy savings for air-conditioning system, water-heating
device and pump were found as 576-635 MJ for case 1 and 926.1-1223.5 MJ for case 2. A
related study for the same configuration (see details in Table 1) in Shenzhen was presented in
[24]. The authors analyzed the window performance with different water flow rates and
different water shading rates. Another study for a similar window configuration (see details in
Table 1) was also performed in Shenzhen, China [25]. Results showed that the net energy
savings were 305 kWh, 273 kWh and 238 kWh for the cases with 34 °C, 37 °C and 40 °C
inlet water temperature compared to the normal double-glazed window.

Stopper et al. assessed the energy performance of the quintuple-glazed double-
circulation flow windows in Munich (Germany) and Dubai (UAE), based on simulations [98].
In the studied window, the inner fluid layer is clear fluid and the outer fluid layer is clear fluid
or dyes fluid. The outer fluid and inner fluid are separated by two Kryton layers. By
comparing with the solar control glazing, it was found that found the studied window without

coloring the outer fluid increased the cooling demand by around 39% in Munich and 25% in
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Dubai. While for the widow with coloring the outer fluid, it decreased the cooling demand by

around 23% in Munich and 44% in Dubai, when compared to a solar control glazing.

4.2.3 Aerogel glazing

Two cases in Denmark were numerically investigated for assessing the applicability of
monolithic aerogel glazing. One is a new built house insulated according to the Danish
building code, and the other is a low-energy house insulated according to the passive house
standard [72,73]. As concluded by authors, the annual heating demand for the new built house
and the low-energy house could decrease by 19% and 34% respectively by replacing argon-
filled triple glazing with aerogel glazing. Berardi replaced double glazing with monolithic
aerogel glazing in an educational building in Massachusetts (USA) as a retrofit solution [99].
The simulated energy savings were shown around 12%, 14%, 18%, 21% for 40%, 60%, 80%
and 100% replacement. Buratti performed EnergyPlus simulations to evaluate the impact of
monolithic aerogel glazing on the building energy performance in different cities of Europe
[100]. From their given results, energy savings for heating, cooling and lighting could be
calculated. The energy saving rates were 3.7-5.6% for Helsinki (Finland), 2.5-4.3% for Turin
(Italy), and 3.1-5.5% for Paris (France), -1.6% for Rome (Italy), when compared to low-e
double glazing. Wang et al. evaluated the monolithic aerogel glazing performance in different
climate areas of China by using eQuest energy simulation program [101]. From their given

results, energy savings for cooling and heating could be calculated compared to a
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conventional double-glazing window. The energy saving rates were around 14% for Harbin,
10% for Beijing, 9% for Shanghai, 8% for Guangzhou, and 7% for Kunming, respectively.

A comparison between a granular aerogel glazing, a low-e glazing and a conventional
single glass was adopted in Hong Kong based on EnergyPlus simulations [102]. From
simulations, it was found that the cooling load reduction caused by the aerogel glazing was
almost the same as that caused by the low-e glazing. By properly designing aerogel
thicknesses and particle sizes in [103], 8.5% and 5.4% of cooling energy saving could be
achieved in Hong Kong compared to the conventional double window and double low-e
window respectively. To balance the requirements of energy saving and visible transmittance,
the authors suggested 12 mm aerogel thickness and 4 mm particle size. Gao et al. numerically
investigated the applicability of aerogel glazing in Norway, in terms of total energy demand
for heating, cooling and lighting [104]. Results pointed out that, the use of 14 mm granular
aerogel in the cavity between two glass panes instead of air could lead to about 21% reduction
in total energy demand. When the aerogel thickness increased to 30 mm, the aerogel glazing
had a similar performance with triple low-e glazing. Buratti et al. also investigated the
performance of granular aerogel glazing in Rome, Paris and Ottawa [105]. The results showed
that the heating energy demand reductions were 13% for Ottawa, 24% for Paris and 29% for
Rome, and the cooling energy demand reductions were around 21% for Ottawa, 20% for Paris
and 18% for Rome, when compared to a conventional double glazing. However, when the
aerogel was integrated with low-e glazing, its benefit on reducing cooling demand was

negligible. The feasibility of granular aerogel glazing in four cities (i.e., Harbin, Beijing,
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Changsha, Kunming) in China was assessed in [106] by comparing to conventional double
glazing, triple glazing and low-e double glazing. Results showed that the aerogel glazing
performed better than the other three in heating season, but in cooling season the low-e double
glazing was the most suitable one. To improve aerogel glazing performance in warm and hot
regions, Belloni et al. proposed a double-glazing unit filled with a mixture of silica granular
aerogel and hollow silica powder [107]. They simulated energy demand of an office building
in Tokyo with different window orientations, based on EnergyPlus software. A reduction (14—
24%) of the cooling demand could be observed attributed to the addition of powder.
Moreover, the proposed aerogel glazing outperformed the low-e glazing with 22% (North)-62%

(south) reduction of heating energy demand.

4.2.4 PCM glazing

The energy performances of double-glazed PCM windows have been evaluated by
several researchers in different climate regions [52,54,108-114]. Goia et al. compared a
double-glazed unit filled with RT35 paraffin and a traditional double-glazed unit by taking
experiments in the outdoor test cell (TWINS test facility) located in Torino [54,108]. The
comparative analyses showed that the PCM-filled unit performed effectively in summer with
20%—-55% reduction of daily entering energy, while its performance in mid-season and winter
was not as favorable as that in summer. In [52], in-situ experiments were conducted in
Nanjing (China) based on two identical outdoor chambers installed with a PCM window and a

hollow glass window respectively. With experiment data, the numerical model was validated
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and simulations were then performed based on selected typical days. The simulated energy
saving rates were found as 39.5%, -43.5%, -78.9% and -5.8% for the sunny summer day, the
rainy summer day, the sunny winter day and the rainy winter day, respectively. A similar
performance was reported in a study performed in Changsha, another city of China with hot
summer and cold winter [113]. Further investigations of the PCM window in Nanjing were
carried out by [109] with varying the latent heat of fusion, the melting temperature and the
difference between liquidus temperature and solidus temperature. A higher energy saving rate
was observed when the latent heat of fusion increased from 205 kJ/kg to 287kJ/kg. In relation
to three melting temperature ranges, the energy saving rate was decreased from 18.3% to 8.5%
and 10.5% when the melting temperature of 27-29 °C altered to 31-33 °C and 23-25 °C,
respectively. In this view, the authors suggested the melting temperature of 25 °C-31 °C for
summer conditions in Nanjing. A similar trend of energy saving rate could be observed in
varying the temperature differentials between liquidus temperature and solidus temperature of
PCM. Liu et al. conducted experiments in the small-scale test facility located in Daqing
(China) in two sunny days in October [112]. Based on the measured data, the numerical
model was validated to simulate the PCM glazing performance with different melting
temperatures (14—16 °C, 16—18 °C and 18-20 °C) and different PCM filling thicknesses (4—
50 mm) in a typical summer day. The authors found that, the total transmitted energy
decreased by 109.1% as the PCM thickness increased from 4 mm to 50 mm when the melting
temperature was 14-16 °C. But the trend of total transmitted energy was not always

consistent with the increase in PCM thickness. Increasing the thickness may lead to a reversed
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trend for some PCMs. This result is in agreement with [114] in which the total transmitted

energy was effectively reduced with increasing the PCM thickness from 4 mm to 30 mm, but

the trend was reversed when the thickness was further increased to 50 mm. More

comprehensive parametric studies based on a typical summer day in Daqing could be found in

[110,111].

There are few studies carried out for learning the application performance of nano-

enhanced PCM. Li et al. investigated nano-PCM double-glazing units based on simulations.

They selected representative days in summer, autumn and winter in Daqing city to perform

simulations to test four different combinations of nanoparticle enhanced PCM considering

nanoparticle volume fractions which are 1% and 10% and nanoparticle diameters which are

10 nm and 100 nm [115]. It was found that the heat gain was larger for higher volume fraction,

but the influence of the nanoparticle diameter on the heat gain was opposite. Another

interesting finding is that the magnitude of impact of the studied parameters is dependent on

the season and the highest one is in winter. In their another study [57], the impact of different

nanoparticle types (i.e., Cu, CuO and AlxO3), volume fractions (i.e., 0.1-10%) and sizes of

nanoparticles (i.e., 5-25 nm) on window performance in summer conditions was investigated.

They recommended CuO nanoparticles with the size under 15 nm and the volume fraction

below 1%.

Assessments of triple-glazed PCM windows are reported in [37,39,116,117]. Li et al.

also carried out experiments for a triple glazing filled with PCM in the outer cavity

(TW+PCM) in summer days. In the sunny summer day, the heat gain was reduced by 16.6%
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and 28% and in the rainy summer day, it was reduced by 14.7% and increased by 4.5%, as

compared to the PCM double window (DW+PCM) and the conventional triple glazing (TW)

respectively. A similar triple-glazed configuration with an inner argon insulation layer was

investigated in summer conditions of Lodz city based on ESP-r software [116]. The simulated

results showed that the cooling energy saved by the PCM window were 14.7-25% for east

orientation and 11.2-17.1% for west orientation , when compared to a traditional window. Li

et al. proposed a triple-glazed aerogel-PCM window and they numerically analyzed the

influence of thermal conductivity, density, specific heat and thickness of silica aerogel on the

window energy performance in the severe cold climate of China [39]. Among the studied

parameters, the thermal conductivity and thickness were the two most important factors. As

expected, the lowest energy consumption was found when the thermal conductivity was the

lowest and the aerogel thickness was the largest. While there was no latent heat of PCM

exploited when the aerogel had large thickness such as 40 mm and 50 mm. In this view, the

30 mm aerogel was recommended for the studied climate condition. Further comparative and

parametric studies were recently conducted by [117]. Ten different glazing configurations

were proposed: double-glazed window (DW), double-glazed PCM window (DW-Par),

double-glazed aerogel window (DW-Sil), triple-glazed window (TW), triple-glazed window

with inner PCM layer (TW-Par), triple-glazed window with outer aerogel layer (TW-Sil),

triple-glazed aerogel-PCM window (TW-Sil-Par), and three improved TW-Sil-Par for

optimization purpose. It was found that applying PCM in either double or triple glazing, the

energy consumption was improved due to the fact that PCM layer has lower conductivity than
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Energy saving rate

air layer with the same thickness. In addition, compared to DW, the energy saving was 11.41%
for TW-Par and 16.35% for TW-Sil-Par. With a further optimization of TW-Sil-Par, the

energy saving rate could achieve 70.16% compared to the DW.

4.3 A comparison of energy saving potentials in different climates
In this section, the reported seasonal and annual energy savings for cooling and heating
caused by the utilization of advanced inter-pane medium instead of air layer are summarized

in Fig.7.
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Fig. 7. Energy saving potential of airflow [82,85], flowing liquid [15,20-22], aerogel

[28,99,103,105,118] and PCM [52] in different climates

As shown in Fig.7., the average energy saving rates caused by the application of airflow

are 22% for hot climate, 25% for temperate climate, 25% for cold climate and 21% for warm
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climate. In terms of flowing liquid, the average values are 54% and 61% for hot climate, 54%
and 75% for temperate climate and -12% and -2% for cold climate, with and without use of
water heat gain respectively. This indicates the application of flowing liquid is more suitable
for hot climate and temperate climate rather than the cold climate. In terms of aerogel, the
average values are 6% for hot climate, 7% for warm climate, 10% for temperate climate, and
22% for cold climate. In this view, the application of aerogel is more suitable for heating
conditions than cooling conditions. In terms of PCM, the value is 41% in Nanjing. Future
studies for investigating year-round energy performances of PCM application in different
climates are required. Moreover, by comparing the average energy saving rates of different
inter-pane mediums under the same climate, it could be concluded that the flowing liquid,
airflow, flowing liquid and aerogel have the largest energy saving potential in hot climate,

warm climate, temperate climate and cold climate, respectively.

5. Suggestions for future work

A number of researches have been carried out and achieved great progress on the
application of advanced inter-pane mediums in multi-glazing windows. To further develop
such technologies, some suggestions for future work will be given in this section. First, there
are still limited studies focusing on advanced materials such as monolithic aerogel and nano-
enhanced PCM which may provide large saving energy potentials. Further explorations are
required to investigate the performances and influencing parameters of multi-glazing

windows filled with advanced materials. Second, numerous parametric studies have been
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conducted based on laboratory experiments and simulation methods to identify the important

influencing factors and investigate their effect on window performances. On this basis, some

researchers gave optimum values for one or two parameters which are typical local

optimizations. While there are far less global optimization studies by considering multiple

parameters at the same time. Considering that the global optimization studies are typically

time-consuming, a possible effective solution is to perform optimization studies based on

simulations and improve simulation efficiency by establishing a numerical model with non-

uniform time steps. The non-uniform time steps could be further determined by analyzing the

effect of variations of outdoor environments (i.e., outdoor temperature and solar radiation) on

window performances. Third, there are few researches considering the effect of applying of

advanced inter-pane medium on lighting energy demand which is an important part of energy

consumption. Comprehensive building energy simulations are needed in future work

especially for the case where the semi-transparent inter-pane medium is employed.

6. Conclusions

Adoption of fluid and promising material as advanced inter-pane medium is an effective

method to enhance thermal and energy performance of multi-glazing windows. Various

application technologies have been proposed to better exploit benefits of different inter-pane

mediums. To investigate the effectiveness of different application technologies and identify

the effect of corresponding influential factors, a number of comparative and parametric
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studies have been carried out based on experimental or numerical methods. Some main

findings are as follows:

(1) The ventilation operation modes, window structures, air flow rates and glazing

properties are important parameters which need to be considered in the application of airflow

in multi-glazing windows. Attributed to various operation modes, the utilization of airflow

could satisfy requirements in different climates.

(2) The benefits of flowing liquid could be better exerted by optimizing window

structures, glazing properties and operation parameters (i.e., liquid circulation mode, liquid

flow rate, inlet liquid temperature and liquid transparency). The application of flowing liquid

is more suitable for hot climate and temperate climate rather than cold climate. There is still a

lack of studies for identifying optical and thermal properties of liquid-flow windows.

(3) The aerogel thickness and particle size are two important factors that need to be

considered in designing granular aerogel glazing. For the monolithic aerogel glazing, the

studies carried out for investigating its influential factors are still lacking. The utilization of

aerogel has a great energy saving potential under cold climate but its performance is limited

under hot climate. Mixing aerogel with power is a feasible way to improve its performance in

hot climate.

(4) The feasibility of applying PCM in multi-glazing windows is highly related with window

structures, PCM filling thickness and PCM properties (e.g., conductivity, melting temperature

and latent heat). The studies on PCM glazing are mainly conducted in typical days, while

there are few studies to assess its seasonal or annual performance to reveal its applicability
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under different climates and determine optimum designs. In addition, the application of nano-

enhanced PCM in multi-glazing windows still need further explorations.
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