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Abstract: Securing net-zero targets by employing sustainable materials for the built environment is
highly desirable, and this can be achieved by retrofitting existing non-smart windows with thermoelec-
tric (TE) glazing, providing improved thermal performance along with green electricity production.
It is reported that TE glazing could produce ~4000 kWh of power per year in a cold climate with
a temperature differential of ~22 ◦C. This feature of TE materials drives their emplacement as an
alternative to existing glazing materials and could lead to the identification of optimum solutions
for smart window development. However, few attempts have been made to employ TE materials
in glazing. Therefore, in this brief review, we discuss, for the first time, the efforts made to employ
TE in glazing, identify their drawbacks, and discuss potential solutions. Furthermore, the working
principle, suitable materials, and methods for developing TE glazing are discussed. In addition,
this article introduces a new research area and provides researchers with detailed instructions on
how to build and optimize this system. The maximum efficiency of a thermoelectric material is
determined by its thermoelectric figure of merit, which is a well-defined metric to characterize a
device operating between the hot-side and cold-side temperatures. TE material’s figure of merit
promises new perspectives on the conceivable future energy-positive built environment. The role of
TE in tackling the energy crisis is also discussed, since it provides sustainable energy alternatives

Keywords: building; figure of merit; glazing; material; thermoelectric

1. Introduction

Climate change has increased the demand for research into reducing CO2 emissions,
which are the main reason for the current rapid climate changes. In the Paris Agreement,
several countries have promised to reduce greenhouse gas emissions by making production
and distribution more efficient, limiting carbon dioxide emissions from end users, and using
more renewable energy sources to reach net zero by 2050 [1]. The United Kingdom (UK)
became the first large economy in the world to enact a law requiring net-zero emissions in
June 2019 [2]. This ambitious plan intends to cut the UK’s net greenhouse gas emissions by
100% by 2050, compared with 1990 levels and replaces the UK’s previous target from 2008
of reducing emissions by at least 80% [3]. Many innovative technologies can help to achieve
this goal, such as photovoltaics; wind and water turbines; the production of clean hydrogen;
caloric materials and batteries; green fuel; green steel; carbon capture; and energy saving
technologies [4]. One of the required fields for reaching this aim is sustainable buildings. A
sustainable building is any building that minimizes or eliminates harmful effects on our
climate through its design, construction, and operation [5]. Several characteristics might
make a building sustainable, such as sustainable eco-design; efficient energy consumption;
using renewable energy; reducing pollution and waste energy; recycling; and utilising
abundant, non-toxic materials [6]. In recent studies, it was found that buildings consume
20–40% of the total energy in developed countries [7], while studies in the UK show that at
least 43% of total CO2 emissions come from buildings, and 50% of energy consumption
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is lost through building losses due to heating or air conditioning [8]. Therefore, it has
become essential to develop building energy efficiency. In order to save waste energy,
a glazing system should be employed, because the windows are considered the least
energy-efficient part of buildings [9]. Buildings consume energy to create thermal and
visual comfort, and transparent envelopes (windows and facades) are necessary to increase
occupants’ daylight, comfort, productivity, health, and well-being. Therefore, windows are
considered an integral component of the built environment that is modelled to evaluate
thermal transmittance to reduce the energy requirements of a whole building.

In the summer, most heat enters buildings through windows in the form of solar en-
ergy, which increases the energy consumption of air conditioning, while, during the winter,
windows account for 30% of energy loss [7]. Energy-efficient glazing can reduce heat loss
and, as a result, save money on bills by saving up to 145 pounds and 335 kg of carbon diox-
ide annually in the UK [10]. Glazings made with multilayer, vacuum, polymer-dispersed,
thermochromic/electrochromic, low-emission, or phase change materials (PCMs) are still
the most popular energy-saving glazing systems [11]. However, it is possible to save energy
waste, harvest waste energy and convert it into electricity by implementing a thermoelectric
generator (TEG) in glazing systems [12]. Thermoelectric (TE) materials are considered
a clean and green energy conversion method since they can convert heat directly into
electricity due to the Seebeck effect [13]. TE devices are easy to use, small, quiet, and
require little maintenance because they have no moving parts [14,15]. The energy con-
version efficiency of TE material depends on temperature differences and dimensionless
figure-of-merit (ZT) TE material efficiency [16]. Some TE materials can produce electricity
with only a 5 K temperature difference. For example, a bismuth telluride thermocouple can
produce 5.5 µW at a 5 K temperature difference, reaching 100 µW at 100 K [17]. Likewise, it
is possible to achieve 300 K temperature differences between outdoors and indoors in hot
climates with the help of glazing, which increases the output of the TEG [11]. Moreover,
the ZT is inversely proportional to thermal conductivity and directly proportional to the
squared Seebeck coefficient (S) and the electrical conductivity (σ), which, together, make
up the power factor (PF = S2σ) [18].

Nevertheless, a ZT is temperature-dependent, and at least ZT = 4 is necessary to
compete with other technologies, such as Rankine cycles, in terms of efficiency [19–21].
The ZT value of Bi0.5Sb1.5Te3 can reach up to 1.86 at 320 K [22]. Therefore, combining
glazing with TE increases isolation and reduces heat loss, leading to high TE efficiency and
output power. For example, Inayat et al. (2014) produced 300 W from 9 m2 thermoelectric
glazing (TEGZ) with a temperature gradient of 20 ◦C; in a hot region with a temperature
differential of 20 ◦C, TEGZ would produce 800 kWh of power per year on average. In a
colder climate with a temperature differential of 22 ◦C during full-day operation, it would
produce 3840 kWh of power per year [23]. These results signify that TEGZ is a potential
energy-saving building envelope option in both hot and cold climates.

TEGZ has superiority over photovoltaics and solar thermal electricity in that it does not
need a light source to work, can be functional at any time as long as there is a temperature
gradient between indoors and outdoors, and, in addition, can use solar light to produce
electricity. Figure 1 shows the working principle of TEGZ in hot and cold climates. In a
hot climate, visible light is transmitted indoors while NIR light is absorbed by the outer
surface and increases the outer surface temperature of the glazing. The indoor environment
remains cold, as the insulation reflects most of the NIR light. In cold climates, the indoor
heat is reflected by the insulation, which causes temperature differences. These temperature
differences between indoor and outdoor environments produce electricity via mounted
TEGs between the two glasses.
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Figure 1. Glazing system working principle in hot and cold climates.

However, TE materials usually have poor efficiency, and TE materials with high-
performance efficiency are costly to construct, highly toxic, made from rare earth elements,
and non-transparent. In order to implement TE in glazing, TE’s performance should be
enhanced by increasing the ZT; fabrication of transparent, scalable, and cheap TE material
from abundant earth elements; improving the glazing system (absorption and isolation);
and developing a TE glazing modelling system, as illustrated in Figure 2. This review
discusses TEGZ for the first time and highlights the attempts to fabricate TEGZ with an
analysis of their drawbacks, the possible materials that could be used in TEGZ, and the
path to optimize TEGZ.
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Figure 2. Schematic illustration of the areas to be focused on for developing TE glazing modeling.

2. Overview of Thermoelectricity
Working Principle

The Seebeck effect governs the working principle of the TEG. The Seebeck effect results
when the junction of two dissimilar conductors or semiconductors is maintained under a
temperature difference, enabling the charge carriers to move from the hot side to the cold
side. This causes the charge to concentrate on the cold side, which leads to an induced
potential that generates current when connected to circuits, as shown in (Figure 3) [15].
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In general, TE devices consist of p-type (most carriers are holes) and n-type (most
carriers are electrons) semiconductors. TE material efficiency can be determined by using
the ZT, which is given by the following Equation (1):

ZT =
S2σ

K
T (1)

where S, σ, k, and T are the Seebeck coefficient, the electrical conductivity, thermal con-
ductivity, and absolute temperature, respectively [24]. Moreover, ZT influences the energy
conversion efficiency of a TE device (η). Power generation efficiency is defined as the ratio
of the electrical power output (W) to the thermal power provided (QH), as in the following
Equation (2):

η = W/QH =
Th − Tc

Th
×
√

1 + ZT − 1√
1 + ZT + Tc

Th

(2)

where (Th) is the temperature on the hot side and (Tc) is the temperature on the cold
side [13,15]. When the ZT approaches infinity, the efficiency approaches that of an optimum
thermodynamic machine. This is because the ZT and efficiency are directly proportional.
Furthermore, there must be a high Seebeck coefficient, high electrical conductivity, and low
thermal conductivity to achieve a high ZT. The Seebeck coefficient (S) is primarily defined
by the number of valence electrons that gain mobility from thermal energy input into the
system and can be expressed by the equation below [15].

S = ∆V/∆T (3)

S is the Seebeck coefficient measured by µV/K, and V is the electrical voltage [15].
Several factors affect a material’s Seebeck coefficient, including temperature and its chemical
composition at a certain temperature [25]. In the case of electrons, electrical conductivity is
given by:

σ = neµ (4)

where n is the carrier density, e is the carrier charge, and µ is the carrier mobility [26].
Equation (4) shows that electrical conductivity can be increased by increasing the concen-
tration and mobility, together or separately. The relationship between electrical conductivity
and the Seebeck coefficient can be expressed by the power factor (PF) as the equation be-
low [27]:

PF = S2σ (5)
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There must be an immense power factor to achieve a high ZT. Thermal conductivity (k)
is a material property that is made up of two parts: the phonon part of the lattice vibrations
(kl) and the electronic part (ke).

k = ke + kl (6)

Moreover, according to the Wiedemann–Franz relation below, high thermal conductiv-
ity in metals and degenerate semiconductors can be attributed to their electronic properties,
as thermal conductivity is directly related to the electrical conductivity at a specified
temperature [26,28].

ke = LσT = neµLT (7)

L is the Lorenz number (2.45 × 10−8 WΩk−2) associated with a free electron. Since
ke relates to the Lorenz factor, which varies with the carrier concentration and transport
method, it cannot be significantly altered apart from in low-carrier concentration materials,
where the factor may be lowered by up to 20% of its free-electron value [16]. For the phonon
part of the lattice, vibrations (kl) can be expressed as the following:

kl =
1
3

Cvlvs (8)

where Cv represents the specific heat at constant volume, l is the phonon mean free path,
and vs corresponds to the average velocity of sound [29]. A phonon is a quantum of
vibrational energy in a material lattice that causes lattice thermal conductivity. It is possible
to decrease the lattice thermal conductivity by increasing phonon scattering [16]. This is
carried out in various approaches, such as porosity, alloying, nanostructuring, complex
structures, etc.

From the above, it can be concluded that it is highly challenging to enhance the
thermoelectric efficiency by increasing the ZT of TE materials because transport parameters
(σ, S, and k) are interdependent. However, many methods can decouple these parameters,
such as adjusting carrier concentrations, nanostructuring, phonon glass electron crystal
(PGEC), etc.

3. Suitable Materials for Thermoelectric Glazing

TE can harvest heat energy in windows at low temperatures with a maximum tem-
perature difference of 310 K. In addition; it can be produced on a large scale for a low cost,
meaning that it can cover a large area of windows and easily be commercialized. Further,
TE material should be transparent so that it does not affect indoor illumination. Moreover,
non-toxic and abundant TE materials fit sustainability building requirements.

3.1. Low-Temperature Thermoelectric Materials

There is a wide range of TE materials, such as binary chalcogenides, clathrates, Zintl
compounds, skutterudites, TE oxides, copper-based TE, polymer TE, etc., which can be di-
vided into low-, medium-, and high-temperature TE. This is because the ZT is temperature-
dependent, and no material can function reliably throughout an extensive temperature
range since this affects its stability. The ZT peaks in most TE materials are bounded by the
bipolar effect, which occurs because electron–hole pairs are created at a certain temperature
during charge carrier excitation that can reduce the Seebeck coefficient and increase ther-
mal conductivity. The rise in thermal conductivity and the drop in the Seebeck coefficient
induced by the bipolar effect are almost diminished for band gaps more prominent than
10 kBT. As a result, most high-temperature TE has high band gaps [30]. Semiconductors
with band gaps of 0.26 eV are typically required for room-temperature TE materials [30,31].
Bismuth telluride, Zintl phase, and semiconductor polymers are promising candidates for
using TE at room temperature.

A classic, effective TE material in low temperatures is Bismuth telluride (Bi2Te3),
which is from the V–VI group of chalcogenide semiconductors [14]. Figure 4a shows the
atomic arrangement in A2B3 (A = Bi, Sb; B = Se, Te, S) compounds. Bulk Bi2Te3 has a
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rhombohedral crystal structure with the space group R3m, and its structure comprises the
quintuple layers (QLs) of five atomic layers, Te-Bi-Te-Bi-Te, arranged in the c-direction [32].
Weak van der Waals forces separate the quintuple layers from one another [32]. Due to
these weak bonds between subsequent quintuples, this compound has a layered structure,
and the crystal can be readily fractured in this direction [16]. Several factors make this
group of TE materials superior to all others. These compounds are highly anisotropic,
with strong electrical conductivity, enhanced thermopower, an excellent Seebeck coeffi-
cient, and decreased thermal conductivity in the direction perpendicular to the c-direction,
compared with the direction parallel to the c-direction [16]. Various methods can improve
TE efficiency, including improving electronic transport characteristics, adjusting carrier
concentration through doping, alloying, band structuring, and decreasing thermal con-
ductivity by lowering the dimensions. A typical effective technique that has been used
to enhance the TE performance of Bi2Te3 is dimensional reduction, such as via nanowires
or superlattice thin film, while continuously controlling the transport characteristics to
optimize the carrier concentrations. For example, p-type bismuth telluride was reported to
have a high ZT = 1.41 at 300 K in bulk [32] and ZT = 1.80 at 316 K in nano dimensions [33].
The superlattices of Bi2Te3/Sb2Te3 improved the efficiency of ZT > 2 [34]. For n-type
bismuth telluride, the maximum ZT = 1.1 at 300 K [32]. The p-type Bi0.46Te0.54 nanowires
with a 100 nm diameter possess a Seebeck coefficient of 260 µVK−1 at 300 K, which is
60% greater than the Bi0.46Te0.54 bulk crystal [35]. Moreover, nanocomposites could be a
powerful tool for improving TE properties [36]. For example, a ZT of n-type Bi2Te3 with
10 wt% nanocomposites increased by 43% compared with the bulk [37]. However, bismuth
telluride is brittle and depends on rare earth elements, which are extremely rare, with only
0.001 ppm found in the earth’s crust [38].

Zintl compounds are a new group of materials which show an attractive ZT[15,16,39].
Zintl phase, polar intermetallic compounds have attracted the attention of researchers
because of their high TE efficiency, which is a result of their PGEC characteristics [16,40].
The Zintl compound phase offers a wide range of structural and chemical modifications,
allowing significant changes to essential transport characteristics [15,16,39,41]. Moreover,
complex structures of Zintl compounds result from the combination of ionic and covalent
bonds. Ionic cations transfer electrons to covalently-bonded anions, resulting in a higher
charge mobility than pure ionic materials [42]. Although they have excellent electrical con-
ductivity, most Zintl compounds have relatively low thermal conductivity and high thermal
stability at relatively high temperatures [16]. One of the most promising Zintl compounds
at room temperature is Mg3Sb2. The crystal structure of Mg3 × 2 (X = Bi and Sb) is shown
in Figure 4b. By using tantalum sealing, coarse-grained n-type Mg3.05Sb2−x−yBiy−xTex
(x ≤ 0.04, y ≤ 1.5) was synthesized and had a ZT of 0.7 at room temperature [43]. It is
possible to enhance the TE performance of Mg3Sb2 by synthesizing a single crystal to
increase its electrical conductivity. For example, Pan et al. (2020) achieved a ZT of 0.82 at
315 K in an n-type Y-doped Mg3Bi1.25Sb0.75 single crystal [44]. Doping could be an effective
method to increase performance. For example, Shi et al. (2019) synthesized Sc-doped
Mg3SbBi alloys with coarse grains and achieved a high ZT of 1.1 at 300–500 K using a
melting and hot-deforming technique [45]. Band structure engineering could be a highly
effective method for enhancing TE performance of materials by increasing the weighted
mobility. For example, Han et al. (2020) enhanced the room-temperature TE performance of
Mg3+δSb2-yBiy by increasing carrier mobility and achieved a ZT of 1.13 in the temperature
range of 50–250 ◦C for Mg3+δSb1.0Bi1.0 [46].

Organic compounds have been exploited for electrical devices, such as electronics [47].
Recently, these materials have been used to create TE materials, which have promising ap-
plications for room temperature use due to their unique characteristics, such as low thermal
conductivity; flexibility; lightweight and non-toxic properties; and ease of fabrication [25].
Organic materials, such as poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate)
(PEDOT: PSS); conducting polymers, such as polyaniline (PANI); non-conducting polymers,
such as poly (3-octylthiophene); and organic semiconductors, such as pentacene, have all



Energies 2022, 15, 9589 7 of 22

been extensively studied for their TE characteristics and applications. Polymer materials,
however, have low electrical conductivity, a low Seebeck coefficient, and a low power
factor [48]. These limitations have been solved by developing organic polymer-inorganic
TE composite materials which exhibit excellent TE performance [48]. Carbon nanotubes
(CNTs) and graphene have been widely employed in fabricating organic TE materials to
increase electrical conductivity. Lin et al. (2018) synthesised a p-phenediamino-modified
graphene (PDG)/PANI composite for high-performance TE material, which achieved a
ZT of 0.74 [49]. Recently, the high-record ZT = 0.75 for an ionic liquid/PEDOT: PSS het-
erostructure TE was achieved, which was attributed to a maximum two-fold increase in
the Seebeck coefficient by the ionic liquid, which, surprisingly, did not impact electrical
conductivity; this result is comparable to bismuth telluride (Bi2Te3) at 300 K [50].

The performance of flexible ternary polymer nanocomposite films has been enhanced
by optimized interfacial architecture and results in high power factors of more than
500 µW m−1 K−2. Moreover, ternary TE composites, such as the PEDOT: PSS/rGO (re-
duced graphene oxide)/Te nanowires (Te NWs), polypyrrole/graphene/PANI, and PEDOT:
PSS/SWCNT/Te, have received a significant amount of attention due to the high TE perfor-
mance that results from their unique internal structures and that increases the scattering at
interfaces as well as the synergistic effect of their conductive components [26]. For example,
the power factor of a ternary hybrid composite of PEDOT: PSS/rGO/Te NWs, as shown
in Figure 4c, is 15 times higher than that of the binary film, which could be attributed to
additional energy filtering at the interface between the rGO and PEDOT: PSS [51].
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3.2. Transparent Thermoelectric Materials

Transparent conductive oxides, such as ZnO, have been intensively studied due to
their high electrical conductivity, high transparency (over 80%), thermal durability at high
temperatures, low toxicity, and low cost. The TE efficiency of ZnO can be increased by
lowering the dimensions. For example, Ishibe et al. (2017) developed a highly-transparent
embedded ZnO NWs where ZnO NWs, which possess high electrical conductivity and
low thermal conductivity, were embedded in ZnO [52]. An exciting study showed that an
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Sb-doped ZnO micro/nanobelt as a TE nanogenerator (TENG) produced an output voltage
of 10 mV, an output current of 194 nA, and an output power of approximately 1.94 nW at a
temperature gradient of 30 K [53]. The ZnO-based TE performance can be improved by
doping, such as with Al, Ga, and Sb [54–57].

Another example of transparent TE conductive oxide is In2O3. Mo-doped bulk In2O3
improves TE performance, and a high ZT value of 0.75 at 1073 K has been reached [58].
Moreover, the nanoscale approach could be an excellent method to increase the TE perfor-
mance of In2O3. At room temperature, indium tin oxide films with nanogranular structures
have a low thermal conductivity of 0.84 Wm−1K−1 because of the increase in phonon
scattering and a high-power factor of PF 3 µW/mK2 at T = 300 ◦C, resulting in a roughly
estimated ZT 1.9 for optimally-doped ITO films [59]. Gallium-doped In2O3: Sn (10%)-based
multi-component metal oxides synthesized by spray pyrolysis show promising TE proper-
ties at 663 K, where the ZT was 0.26 [60]. Recently, transparent ITO/In2O3 thin films have
been prepared by RF magnetron sputtering and show interesting TE properties [61–63].

Non-toxic and earth-abundant copper iodide (CuI) is a transparent and highly con-
ductive p-type semiconductor that has gained recent interest for use in TE thin films due to
its high TE performance at room temperature [64–66]. The pulsed laser deposition (PLD)
technique is used to create highly transparent (90%) p-type γ-CuI thin films composed of
fine nanoparticles with interesting TE properties at 300 K [66]. A transparent TE thin film
made from CuI with a thickness of 300 nm has been fabricated, which recorded a maximum
ZT value of 0.29 [67].

There are many other transparent conductive oxides (TCO) TE materials, such as
SnO2 [68–70] and CdO [71,72]. A recent theoretical study predicted that BaSnO3 could be
an excellent high-temperature TE, and that a ZT value of 2 at 1700 K might be reached [73].

In addition to organic-based TE materials’ high mechanical flexibility, easy fabrication,
lightweight properties, and ability to harvest heat at room temperature, they can also
be transparent [74–76]. Flexible transparent TE prepared from the conducting polymer
(PEDOT: PSS) as the p-type leg and (ITO)-PEDOT: PSS as the n-type leg shows excellent
TE performance at room temperature, producing an output voltage of 3.1 mV from the
temperature difference between human hands and the air alone [77]. High transparent
(88.3%) and flexible TE nanofilms fabricated from a PEDOT: PSS thin film doped with
DMSO/TSA and hydrazine/DMSO to optimize the oxidation level of PEDOT show a ZT
of 0.31 at room temperature [78]. Transparent organic/inorganic multilayer films with
a high-power factor of 110 W/mK2 were created by alternately stacking PEDOT: PSS
and PEDOT-SnSeTe nanosheets [79]. Other noteworthy materials are ionogels, which
have recently attracted extensive attention as stretchable materials for wearable TE mate-
rials [80,81]. Wang et al. (2021) fabricated stretchable ionogels, via an in situ 3D printing
method, with a thermomechanically and electrically stable performance over a wide range
of temperatures [82].

3.3. Large-Scale Synthesis

The integration of TEGs into glazing requires large-scale TE synthesis and manufac-
turing processes to cover the large areas of windows. There are many options for the
synthesis and fabrication of TE. However, many current synthesis techniques have draw-
backs in terms of cost, construction time, complexity, mass production, scalability, and
reliability [83]. Thus, finding an effective synthesis process that is easy to use, fast, cheap,
high-quality, and scalable is crucial. For example, a large-scale screen-printing technique
and a self-sustaining structure have been used to fabricate lightweight glass fabric-based
flexible TEGs without top and bottom substrates and with a high output power density of
(28 mWg−1 at 50 K temperature difference) [84]. Single-crystalline Bi2Te3 TE nanowires
have been synthesized by chemical batch processing, converted into jettable ink, and then
printed on a glass substrate, and this achieved a Seebeck coefficient of 140 µVK−1 [85].
Highly-crystalline ZnO films with a Seebeck coefficient of 36.6 µVK−1-based micro-TE
devices have been fabricated via electrodeposition, which consisted of four arrays; each
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array had 55 pairs of TE elements with a 0.73 nW maximum of power generated [86].
Transparent CuI and ZnO films have been synthesized by low-temperature solution growth
(SILAR), which allows for depositing the films over large areas to harvest near-infrared
solar light energy [87].

4. Window Glazing

Glazing is a vital architectural component that enables visibility to connect with
the outdoor environment, air ventilation, solar heating gain, and daylighting. However,
since the U-values of windows are much higher than those of other building parts, they
consume a large amount of energy. Building cooling and heating loads should be reduced
to reduce carbon emissions, which is possible through increasing energy efficiency. Energy
efficiency can be improved by reducing internal solar radiation and heat transmission from
the inside to the outside in the winter. Thus, a growing desire exists to develop novel,
high-performance glazing systems, such as smart composite-based transparent insulating
materials, transparent infrared absorbers (TIA), and thermochromic materials (TCM).

4.1. Low Heat Gain Glazing

Double or triple glazing, low-emissivity coated glass, prismatic glazing, water- or
air-flow glazing, vacuum glazing, and aerogel glazing are the most common methods for
reducing solar heat gain through windows.

Air-filled double glazing is commonly used to reduce heat loss through windows [88].
It is possible to use other gases with a thermal conductivity lower than air, such as xenon,
krypton, argon, and infrared radiation gas absorbers [89]. Moreover, the amount of heat lost
by double glazing is proportional to the space between the panes of glass [89]. However,
double glazing cannot control daylight and glare because of its high transparency. Prismatic
glazing is an alternative method that can be used to control solar heat gain and generate
uniform illumination without glare by redirecting or refracting sun rays [90]. Furthermore,
water-flow glazing reduces solar heat gain into a building by lowering the temperature
of glass panes via the flow of water between two panes and results in far superior energy
saving than double windows [90]. However, it is highly costly to install water flow and
pumping systems.

Vacuum glazing is a type of high-transmittance, thermally insulated glazing made up
of two panes separated by a vacuum gap and held apart by a series of support pillars [91].
Vacuum glazing could lower heat loss by 53% compared with the same area of double
glazing [92]. However, edge sealing directly affects thermal performance due to heat
flowing from the glazing edge instead of the glass in vacuum glazing, which is known as
the edge effect. The edge effect reduces thermal performance and increases stress on the
edge, which can lead to glazing failure [93].

Aerogels are lightweight, low-density materials with a lower heat conductivity than
air [94]. Silica aerogel is the most common type of aerogel, created by silica nanoparticles’
aggregation [95]. However, aerogel glazing has several drawbacks, including slow synthesis
and being fragile and expensive.

A low-emissivity (low-e) coating can minimize heat radiation from a glass surface [91].
Low-e coatings, which can be divided into hard and soft coatings, are spectrally selective
metals or metallic oxides that allow visible light from the solar spectrum to pass through
while blocking other wavelengths, such as infrared, which is responsible for heat gain [89].
Hard low-e coatings are more durable than soft low-e coatings because soft low-e coatings
require additional layers of protection [93]. On the other hand, soft coatings have better
infrared reflection and higher transparency [94]. The positioning of the coating is crucial
for minimizing heat gain. Coatings on the outside glass surface cause most of the absorbed
energy to reflect into the atmosphere outside rather than radiate back into the interior
space, while low-e coatings placed on the inside surface of the interior glass pane lower
heat loss from the interior space to the outer environment [88–90]. A hard coating, such as
a pyrolytic coating, can be deposited directly onto the glass surface, while a soft coating,
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usually consisting of multi-layered silver-based coatings, can be deposited by using MSVD
techniques on hardened glass [96]. As much as 48% of solar heat gain can be blocked by
low-e coatings on windows [97].

4.2. Smart Glazing

Smart glazing is an innovative technology that changes windows’ visual and thermal
transmittance properties to achieve the required degree of illumination or heating from
solar radiation. There are, primarily, three types of intelligent windows: chromic win-
dows (thermochromic, photochromic, and electrochromic), liquid crystal windows, and
suspended particle devices [98]. The most promising innovations are electrochromic and
suspended particle windows [99].

Electrochromic materials (whose optical properties change in response to electrical
voltage or charge) for smart windows are the most reliable and up-and-coming technologies
for controlling the optical properties of smart windows [97]. Absorbing electrochromic win-
dows are already commercially available with efficient performance. Moreover, reflective
electrochromic windows eliminate any heating difficulties that may arise from absorbing
types and regulate more solar energy since they reflect solar radiation outside. However,
electrochromic windows cannot provide total control over the uncomfortable effects of
direct sunshine, such as glare and bright spots [97].

Thermochromic glazing is smart, non-electrically actuated glazing. When thermotropic
materials’ crystal structure changes due to heat, they undergo a physical phase shift when
their critical temperature is surpassed, changing their radial properties and resulting in
light scattering or absorption. Changing physical phases may result in losing some vis-
ible portions of the spectrum, limiting the view through a window. Figure 5a,b shows
the structure of one type of thermochromic glazing and its transparency changes with
temperature differences. Thermochromic materials can be inorganic or polymeric [96].
For example, one of the most promising alterable thermochromic materials is vanadium
dioxide (VO2), with a transition temperature (TC) of 68 ◦C, which behaves as an infrared-
reflective metal above the TC. By contrast, below the TC, it behaves as an insulator and is
infrared-transparent; these changes occur in 10-12 s [96,100]. Lei et al. (2022) developed a
passive dual-control smart thermochromic window for energy savings by embedding poly
(N-isopropylacrylamide) (PNIPAm) microgel within a highly transparent polyacrylamide
(PAM) matrix. As a result, the window may lower the indoor air temperature by 15 ◦C [101].

Gasochromic glazing technology is active dynamic glazing for which the optical prop-
erties change to opaque when exposed to a low concentration of hydrogen and become
transparent when exposed to oxygen [96,102,103]. A gasochromic film is composed of
a highly porous transition metal oxide (WO3, MoO3, or V2O5) layer with a skinny coat-
ing of type catalyst (Pd or Pt nanoparticles) [96,102,103]. The solar heat gain coefficient
for gasochromic materials ranges between 0.14 and 0.75 [97]. Single gasochromic panes
have poor thermal insulation properties, and switching occurs by absorption rather than
reflection, which leads to heating that develops into the overheating of interiors. To in-
crease thermal performance, usually, gasochromic technology is combined with double- or
triple-glazed units. Moreover, low-e coatings could be combined with a gasochromic pane.

Smart windows with humidity-chromic (HC) coatings are sensitive to humidity varia-
tions, allowing for adjustment of the amount of visible and infrared light coming in via a
hydration and dehydration transition in the hydrogels [104,105]. A hydrogel is an aqueous
polymer gel composed of water, hydrophilic polymers with hydrophobic groups, an amphi-
pathic molecule, and sodium chloride [96,106]. Hydrogels are the phase transition materials
used in switchable glazing because of their durability, adjustable chemical and physical
characteristics, and acceptable switching speeds and mechanical strength [96,104,106].
Smart hydrogels have attracted attention as functional devices in several sectors, including
coloring, self-cleaning, self-powering, and moisture absorption [104]. Hydrogels have
several applications in smart window glazing, such as in thermochromic, electrochromic,
photochromic, and HC coatings. Hydrogels have unique physical properties that can
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respond to ambient humidity through water absorption/desorption and convert it to
different signals, which can be used in smart window applications [96,104,106,107]. The
scattering and transmittance of light in a hydrogel substance will vary depending on the
relative humidity of the air in contact with the material; when the humidity is low, the
light scattering is high, and some hydrogels become transparent, while others remain
opaque [94,107]. There are two types of hydrogel responses: single (in which the response
of the hydrogel to humidity is mainly reflected in its change in transparency and color)
and dual (in which the hydrogel responds to the humidity and temperature sensitivity,
or humidity and pH sensitivity) [104,107]. In addition to changes in light transmission
and color, the reaction of hydrogels to humidity stimulation involves the production of
electrical energy [104].

Polymer dispersed liquid crystal (PDLC) is electrically switchable glazing made of
micro or nanometer droplets of liquid crystal (LC) held in a polymer matrix between two
panes of glass [96,108,109]. Due to the random orientation of LC droplets in the polymer
matrix, these films show a milky-white scattering condition, and once a sufficiently strong
electric field is applied, the film becomes transparent; this is due to the alignment of LC
droplets along the direction of the electric field, as shown in Figure 5c [96,108,109]. Switch-
ing a PDLC from the opaque to transparent mode takes around 1–40 ms when an electric
voltage (about 2–10 V/µm) is applied [108]. PDLCs can be prepared using emulsion or
phase separation techniques [108,109]. The conventional method of PDLC preparation,
phase separation, enables precise control over the morphology and, consequently, the fea-
tures of the finished film. This process can be initiated by heat action, solvent evaporation,
or monomer polymerization. High-performance PDLC films used in smart glazing should
have a high contrast ratio, a low threshold voltage, and a low switching time. Many factors
influence the electro-optical properties of PDLC films, such as the type of phase separation
method, the degree of phase separation, the size and morphology of the LC droplets, the
exposure conditions, the film thickness, and the difference in the refractive index (RI) of the
phases (LCs and polymer) [108,109].
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(V), is adapted with permission from [110].
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5. Thermoelectric Glazing System

Recently, the exciting proposition of utilising TE in energy-efficient glazing has been
raised. Energy-efficient glazing significantly reduces waste heat and makes houses warmer
in winter and colder in summer by reducing heat transfer compared with ordinary glass,
eventually reducing energy bills and the carbon footprint. Moreover, using energy-efficient
glazing to increase sustainability is possible by employing TEGs, which simultaneously
work as insulators and power generators. For example, Karimov et al. (2020) fabricated
semi-transparent vertical cylinder-shaped TE cells with a transparency of 25%, based on
bismuth antimony telluride alloy, that could be used to fabricate windows that may produce
power [111]. They noticed that one layer of glass on the cells increased the light, heat, and
open-circuit voltage. Increasing the pressure on the TE cylinders increased the conductivity
and the maximum output of the power resulting from a high difference between the top
and bottom surfaces when using a large receiver and water coolant [111].

It is crucial to fabricate transparent TE for utilization in glazing. For example, Yang et al.
(2017) fabricated p-type transparent TE based on copper iodide (CuI) thin films (Figure 6a)
with a high room-temperature performance. Their high TE performance is related to the low
thermal conductivity of the CuI films, which is attributed to a combined effect of the heavy
element iodine and strong phonon scattering, resulting in a prominent ZT = 0.21 at 300 K for
the CuI films [112]. In another example, Wang et al. (2020) fabricated dense p-type PEDOT:
PSS and the n-type indium tin oxide (ITO) counterpart thin film TE (Figure 6c), which
showed ZT = 0.30 and 0.29 at 450 K and thermal conductivities of 0.22 and 0.32 Wm−1K−1,
respectively. A TEG module with a high transmittance of >81% was fabricated using
10 pairs of dense p-type PEDOT: PSS and n-type ITO thin-film legs to produce 22.2 Wm−2

at a temperature gradient of 80 K [113].
To increase the efficiency of TEGZ, it is necessary to take advantage of the light by

increasing the absorption of ultraviolet and infrared without reducing the transmission of
light to increase the temperature difference. For example, Zhang et al. (2021) fabricated
wavelength-selective film made of Cs0.33WO3 and resin, which had a high visible-light
transmittance of up to 88% and enabled the efficient and selective harvesting of ultravi-
olet and infrared light, thereby converting absorbed light into heat without sacrificing
transparency. A prototype that coupled the film with 12 Bi2Te3-based TEGs, as shown in
Figure 6b, produced an extraordinary output voltage of ≈4 V within an area of 0.01 m2

which was exposed to sunlight [114].
Likewise, TEGs implemented in glazing should have an efficient TE performance

at room temperature to harvest more heat waste. For instance, He and colleagues (2020)
created flexible amorphized Ag2Te1-xSx-based glass TE materials with a high TE perfor-
mance at room temperature, which is attributed to their ultra-low thermal conductivity.
The Hall mobility of Ag2Te0.6S0.4 is an order of magnitude greater than the best amorphous
materials at room temperature, with an exceptional value of 750 cm2 V−1 s−1 at a carrier
concentration of 8.6 × 1018 cm−3. At room temperature, the ZT was about 0.2 whereas, it
reached to 0.7 at 575 K [115].

It is possible to increase the efficiency of TE glazing by optimizing the design of the
glazing in conjunction with the latest technology used in glazing and the latest development
in TE generation. For example, a finite element model (FEM) was created and tested
by Dessel and Foubert (2010), as shown in Figure 6d, to ascertain the steady-state heat
transfer for active thermal insulators (ATI) and to determine the ideal TE modules for this
technology and the design of the double-glazing unit. They found that using the smallest,
most closely-spaced TE modules yielded the most effective systems, and the design case
produced the best results, including a vacuum cavity [116].

Solar TE could be used as an efficient tool to harvest waste heat in glazing. For exam-
ple, He et al. (2018) fabricated a photo TE nanogenerator (PTENG) based on photothermal
flexible and transferable film and a Te nanowire/PEDOT TE layer for harvesting environ-
mental infrared (IR) light, as shown in Figure 6e. A potential difference may be created
between two thin-film electrodes of silver paste deposited at each end of the film when the
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device is illuminated by infrared light because of the photothermal effect and the Seebeck
effect. By harvesting photothermal energy from sunlight at an atmospheric temperature
of 20 ◦C, 10 thin-film PTENGs with dimensions of 1 cm x 3 cm each delivered an output
voltage of 1.48 µV [117]. Moreover, Klochko et al. (2017) fabricated a semi-transparent
solar TENG based on a pulsed electrodeposited array of ZnO nanorods on a transparent
conducting fluorine-doped tin oxide (FTO) substrate, as shown in Figure 6f,g. This TENG
operates due to a temperature difference between the 1-D ZnO array and the uncoated FTO,
which is formed naturally when the ZnO/FTO mixture is heated by sunlight. At 50 ◦C, the
NGs could produce 13 pW and, with optimum efficiency, they could reach up to 60 pW.
A network of such TENGs composed of 32 semi-transparent ZnO/FTO solar TENGs can
generate levels many times higher than a single TENG [12].

Furthermore, Norouzi et al. (2016) fabricated a TENG made of aluminium-doped zinc
oxide (ZnO) nanorods synthesized by RF sputtering and growth via hydrothermal material
on a glass substrate. For 1% Al-doped ZnO nanorods on the silicon substrate at a constant
temperature difference of 1 K between the top and bottom of the nanorods, an open circuit
voltage of 0.28 mV and an S.C current of 3.5 µA were obtained [118]. Ito et al. (2017)
made thin-film TEGs using lithography and deposition processes with ball lenses that used
chromatic aberration to separate visible and near-infrared (NIR) solar light, as shown in
Figure 6h. The visible light which was transmitted was utilized as daylight, while the NIR
light was employed for TE power. The 0.71 K difference in temperature between the p-n
junctions on the surface of the TEG produced a maximum power of 51 µW/m2 [119].

Conductive glasses are fascinating materials, including ITO [120], FTO [121], and
chalcogenide glasses [122]. These glasses can be transparent TE materials and produced
on a large scale, leading to their being implemented in glazing. For example, recently,
Murmu et al. (2021) showed that phase separation and the improvement of TE properties
in nanocomposite ITO films might be possible by tuning the oxygen partial pressure, which
changes the oxygen concentration during deposition at room temperature [120].

TEGs embedded in windows could be a highly effective method for TE glazing.
Inayat et al. (2012) fabricated window glass with 5-mm thickness embedded with four TE
pellets made from ball-milled hot-pressed nanomaterials (Bi1.75Te3.25) and (Sb2Te3). The
5-mm glass helped maintain the temperature gradient of 23.5 ◦C between outdoors and
indoors, resulting in a power of 0.112 µW [123]. Afterwards, Inayat fabricated a large
(132.25 cm2) Plexiglas panel and drilled 144 holes, which were integrated with 72 pairs of
hot-pressed thermopiles made of Bi0.4Sb1.6Te3 and Bi1.75Te3.25 nanopowders by mechanical
alloying, as shown in Figure 6i. The resulting output of the panel was 0.16 µW for a
temperature difference of 22.5 ◦C [23]. However, this high density of piles could reduce
vision, leading to embedding TE in the window frame. For example, in one study, electrical
energy was generated using 12 TEGs mounted in an aluminium window frame. The
circuit was composed of 12 TEGs attached to a heat sink, a DCDC boost converter, and
a power bank. A temperature difference of 16 ◦C between the air-conditioned room and
the outside produced a maximum power of 0.61 watts [124]. However, TE embedded in
the frame has only a small possible area for heat harvesting. Another design increases the
visible area by embedding a 1µthick film of bismuth telluride and antimony telluride via
PVD vertically through the 5 mm Plexiglas to produce 10 nW of thermopower generated
by 21 ◦C temperature differences [125]. However, this method requires cutting the glass
into strips and depositing the films in the side wall of the glass strip, which is a highly
complicated, time-consuming, and expensive process. Table 1 illustrates recently attempted
TEGZ system technologies, including those employing various TE materials.
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Table 1. Summary of latest TGZ technologies.

No. System Transparency Thermoelectric
Performance Isolation System Absorption System Complexity Scalability for Large

Area Materials Ref

1 Vertical cylinder-shaped
TE cells 25% transparent Voc more than 4000 µv at

60 ∆T Coolant system Uses one layer of glasses
instead of multilayers Complicated design Difficult to fabricate on

large scale
Depends on rare

elements [111]

2 Single leg, γ-CuI
thin films

60–85% in the visible
spectral range

ZT=0.21 at 300 K and power
density of 2.4 mW cm−2 at

∆T = 50 K
- -

Simple because it does not
have isolation or absorption

systems

Difficult to fabricate on
large scale (sputtering)

Non-toxic and
abundant earth

elements
[112]

3

Transparent flexible
thin-film p (PEDOT:
PSS)–n (indium tin

oxide) junction

81% transparent

ZT = 0.30 for p-type and 0.29
for n-type at 450 K and power

density of 2220 mWcm−2 at
80 K

- - Simple
Difficult to fabricate on

large scale (spin
coating and sputtering)

Non-toxic and
abundant earth

elements
[113]

4 Absorbant glass coupled
with TEG 88% transparent The output voltage of ≈4 V

within an area of 0.01 m2 - Cs0.33WO3 and resin Simple

Large area of the glass
can be covered for

absorption by spray;
however, it is difficult
to scale TE material

Depends on rare
elements [114]

5 Active thermal isolator -
It is an active thermal that
produces heat rather than

generating electricity

High isolation
system by vacuum

cavity
- Complicated

Large area of the
double-pane glass can
be fabricated; however,
it is difficult to scale TE

material

Depends on rare
elements [116]

6

PTENG consisting of
MoS2/PU

photothermal film and
Te/PEDOT TE layer

-
For area and at 20 ◦C

temperature, the output
voltage of 1.48 µV

The temperature
difference arises

from the horizontal
distance between

two thin-film
electrodes

MoS2/PU
photothermal film for

harvesting
environmental

infrared (IR) light

Complicated
Large-scale films can

be fabricated but need
multi steps

Depends on rare
element (Te) [117]

7 ZnO/FTO TENG Semi-transparent

The maximum output power=
60 pW. At 50 20 ◦C

Voc = 0.24 Mv
Isc = 1.1 µA

- 1-D ZnO absorbs
mid-infrared Simple

Large-scale films can
be fabricated by
electrochemical

deposition

Non-toxic and
abundant earth

elements
[12]

8 TEGs with ball lenses

The glass is
transparent, but the
TEGs and ball could
be obstacles for the

vision

The 0.71 K ∆T produces
51 µW/m2 No

The NIR light can be
harvested by chromatic

aberrations induced
by the small ball lenses.

Complicated Difficult to fabricate on
large scale

Depends on rare
elements [119]

9 Conductive glass
(ITO) 75.4% transparent The power

factor = 17.3 µW m−1K−2 - - Simple Can be produced on
large scale

Non-toxic and
abundant earth

elements
[120]

10 Embedded TEGs
in windows

The glass is
transparent, but the

TEGs are
non-transparent,

which limit vision

9 m2 window can produce
300 W of power at 20 ◦C - - Simple

It is difficult to scale
the system for a large
area as it needs multi

steps; drill many holes
to fabricate n-type and
p-type nanomaterials,
then fabricate the piles

via hot press and
connect the n-type

with p-type

Depends on rare
elements [23]
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We can conclude that it is crucial for emerging glazing and TE technologies to optimize
the employment of TE in glazing. Moreover, it is recommended that future projects combine
all the benefits of the attempts to produce low-cost and large-scale TE windows made from
abundant eco-friendly materials with high heat absorption of ultraviolet and infrared
radiation on the outdoor window surface and, at the same time, high isolation between the
outdoors and indoors to increase temperature differences and reduce waste heat. Moreover,
if the temperature differences between outdoors and indoors of 9 m2 TEGZ remain constant
at 22 ◦C throughout the year, the amount of electricity produced is approximately 4000 kWh,
indicating that TEGZ is feasible [23]. Considering the global increase in electricity prices,
with the price of electricity reaching 34 pence/kWh in the United Kingdom, TEGZ capital
costs can be easily covered [126]. In addition, the average electricity consumption of a
UK household is 2900 kWh per year, the same amount of power produced by TEGZ [25].
However, to produce this amount of electricity, users would need to maintain temperature
differences between outdoors and indoors by using heating or air conditioning, which is
not sustainable. Therefore, this concept offers a supplement to electric power from the
main power grid, but it may not become the primary power source. Therefore, users do not
need to keep their air conditioning or heating systems running to generate a temperature
difference. This feature could only be used to power or charge small appliances when there
is a natural difference in temperature. Further economic studies should be conducted to
understand the feasibility of TEGZ in the presence of natural temperature differences.
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permission from [119]. (i) TE glazing consisting of 144 holes integrated with 72 pairs, adapted with
permission from [23].
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6. Conclusions

Countries worldwide have agreed to reduce CO2 emissions by using renewable energy
sources to achieve net-zero emissions, which will reduce climate change. There are many
methods to achieve this aim, such as photovoltaics, wind and water turbines, the production
of clean hydrogen, etc. One area that can be effectively exploited to reach net zero is
sustainable buildings. While windows are the primary source of natural light and indoor
comfort, they are also the primary source of heat loss in buildings. In order to reduce
energy consumption from windows, energy-efficient glazing should be used. There are
many types of glazing to save energy, control lighting, etc. One of the notable types of
glazing is thermoelectric glazing, which can reduce energy losses and produce electrical
power that could be added to the grid.

The growing demand for clean energy and pollution reduction highlights the impor-
tance of TE. In particular, TE can reduce waste heat from general or even renewable energy
sources. On the other hand, TE materials with high a power conversion efficiency are
often either toxic or rare earth elements. Scientists have put great effort into developing
high-efficiency TE eco-friendly materials. To employ TE in glazing, it is necessary to use
high-performance transparent TE made from abundant, eco-friendly materials that can be
easily fabricated for large-scale areas and to ensure their efficacy at room temperature.

There have been a few tentative attempts in this fascinating field. Recent efforts can be
summarized as the implementation of TENGs in windows, the production of transparent
TE, increasing the absorption of glass, the theoretical optimization of the design of glazing
systems, the fabrication of flexible TE glass, and TE glass mass production. While these
methods show the importance and effectiveness of TEGZ, they have many drawbacks,
such as being expensive, complex, and toxic; however, it is possible to overcome these
drawbacks in the future.

It is necessary to understand that TEGZ are a secondary source of power that can be
added to the main grid. Therefore, there is no need to maintain the temperature difference
between indoors and outdoors artificially.

7. Future Prospects

TEGZ are a fascinating and vital method to harvest waste heat energy from a building.
However, to efficiently implement TE in glazing, systems should integrate efficient TE
and glazing performance. To develop TE materials capable of being utilized in glazing, a
continued effort must be made to manufacture non-toxic, earth-abundant TE to meet sus-
tainability demands. More research should be conducted to make highly visible transparent
TE materials for room temperature performance. Moreover, the focus should now be on
how to fabricate and deposit these materials on large-scale areas to match the requirements
of windows.

Materials such as bismuth telluride and zintl phase are notable for their low-temperature
thermoelectric properties; however, they are opaque. Thus, the focus should be on increas-
ing their transparency or developing TEGZ with a design that does not interfere with
transparency and indoor comfort. Polymers and oxides, for example, are highly appealing
due to their transparency; however, they have low efficiency, so the emphasis should be on
increasing their efficiency.

Glazing systems with high ultraviolet and infrared radiation absorption surfaces
should be developed to absorb the heat from solar radiation as much as possible. Moreover,
high isolation performance between outer and inside surfaces should be achieved to
increase the temperature difference, which could have a double effect on reducing heat
waste and increasing TE performance. Furthermore, theoretical and modelling studies need
to increase the efficiency of TE glazing system integration. Additionally, overall designs
should be carefully studied to increase the waste heat harvesting output and efficiency of
such systems. Finally, a further economic study should be held on the feasibility of TEGZ
in the context of natural temperature differences.
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Nomenclature

Symbols
Cv Specific Heat at constant volume
eIsc Carrier chargeshort circuit current
k Thermal conductivity (W/m*K)
ke Electron thermal conductivity
kl Lattice thermal conductivity
L Lorenz number
l Phonons mean free path
n Carrier density
QH Thermal energy (hot side) (J)
S Seebeck coefficient
T Temperature (K)
Tc The temperature on the cold side
Th The temperature on the hot side
VVoc Voltage (V)The open circuit voltage
W Power generated (W)
vs Average Sound velocity
σ Electrical conductivity (S/m)
µ Carrier mobility
Abbreviations
ATI Active thermal insulators
CNT Carbon nanotube
HC Humidity-chromic
FEM Finite element model
NWs Nanowires
PF Power factor
PANI Polyaniline
PEDOT: PSS Poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate)
PDLCPGEC Polymer-dispersed liquid crystalsPhonon glass electron crystal
PTENGrGO Photo-Thermoelectric NanogeneratorReduced graphene oxide
TCOs Transparent conductive oxides
TCM Thermochromic materials
TC Transition temperature
TE Thermo electric
TEGs Thermoelectric generators
TEGZ Thermoelectric glazing
TENG Thermoelectric nanogenerator
TIA Transparent infrared absorbers
SWCNT Single-wall carbon nanotube
ZT Figure of merit
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