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ABSTRACT

A concise critique on harnessing the abundant solar thermal energy and improvement with vacuum insulation for the utilization
and conversion is presented. This research implicates that the world is becoming a global solar smart city prompted by increasing
daily demand of energy by the global population and land-use. Amongst all the renewable energy resources available, solar thermal
energy collectors (STC) are the most copious because it is accessible in both direct and indirect modes with global solar thermal
capacity in operation in 2019 was 479 GWth and annual energy yield estimated to be 389 TWh. Hybridization has been found to be
the only way of improving the existing performance of (STC) such as hybrid photovoltaic thermal (PVT) with phase-change material
(PCM) for energy storage and magneto-thermoelectric generators (MTEGs) and/or vacuum insulated TEG (VTEG) for waste heat
energy conversion to electrical power. The concentrating solar power (CSP) technologies were also precisely studied and yet
parabolic trough collector, dish sterling and solar tower are amongst the top solar thermal heat energy harvesters and its electrical
power generation has also been comprehended. The modern eminence of vacuum insulation technologies on thermal comfort and
sound insulation in sustainable low-carbon buildings is presented. The research implicates that there is still a scope of improving
the building and construction sector and target to achieve not only zero-energy buildings (ZEB) but generating-energy buildings
(GEB). A concise critique on vacuum insulated smart glazed windows is presented and the review implicates that the hybridization
with PV and TEG and novelty in the constructional materials of vacuum glazing (VG) and translucent vacuum insulation panel (TVIP)
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are vital in the realistic move towards the GEB. The future of vacuum insulation is not only limited to GEB but vital applications
occur in medical, imaging, mechatronics and manufacturing industries.
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1. Introduction

Climate change and global warming are being the research frolicking fields for decades with a
drive of curbing-intervention with progressive cutting-edge technologies. However, according to
critical appraisal by NASA and NOAA [1], the global mean surface temperature in year 2019 is the top
second heated year since, the modern distinction of accounting began in, 1880. Conversely, an
increase of 0.98 °C average-global surface temperature compared to the 1951-1980 was recorded.
Figure 1 shows the mean surface temperatures change of year 1880-1884 compared to year 2014-
2018. Contrarywise, it is fair to critique that the global warming and progresses have little influence
on the rise of advanced cutting-edge technologies. It can be argued that the modernization and
expansion of technological infrastructure could have been a factor. Nevertheless, the first quarter of
2020 has improved the global air quality, CO2 and NO; emissions but at the cost of Pandemic COVID-
19 [2]. It has never been easier in projecting the future climate change, such as world’s fossil fuels
depletion argument might be outdated with carbon-capture and storage (CCS) [3] and would still
bring repercussions of air pollution on human health. Irrespective of global warming, a progress in
harnessing natural solar thermal energy will rise and the performance of energy conversion and
utilization require progressive vacuum insulation technologies to convalesce the global
infrastructure, this can be triumphed by disenthralling our self from the existing semantics and
methodologies.

Fig. 1. NASA’ global mean surface temperatures change in year 1880-1884 (left) compared to year 2014-2018
showing a rise of 0.98°C [1]

The compulsion to reduce CO, emissions, in order to avoid avertable climate change, has also
have a relation to address a solemn serious contest in the energy field of squaring the gap between
the peak demand and generating capacity. For this, substantial progresses have already been made
in the area of solar thermal energy and/or renewable energy sector. For example: (a) the
advancements in the field of materials in improving the electrical power efficiency of the solar
thermal collectors (STC) and hybridization with photovoltaics (PV) modules (PVT), (b) the
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advancements in the design and development of the concentrated solar power (CSP) systems in
improving the thermal energy efficiency that subsequently improve the electrical power efficiency,
(c) the advancement in the materials and the design of the smart vacuum glazing and translucent
vacuum insulation panels with hybridization of transparent PV would revolutionize the building and
construction sector. Moreover, a significant research is being done on the applied vacuum science to
smart intelligent windows along with CSP and PV technologies. In recent years, PVT hybrid
technologies have been so popular and is growing to be more popular but there are significant
challenges in having a clear view on their conversion efficiencies, stability and limitations. Whilst the
use of power electronics in effectively transmitting, controlling, converting and monitoring the
generating power to the interconnected systems, on-grid and off-grid system integrations play
significant role in the electrical power industry. The research problem primarily is to critically and
succinctly analyse the reported solar thermal energy and vacuum insulation technologies such as STC,
CSP, vacuum insulation and smart vacuum insulated glazing systems. In spite of having a number of
advancements in the solar thermal energy and vacuum insulation sector and exaggeration of the
benefits of the individual systems in the research community, there is a significant scope of
comprehensively and critically analysing the realistic challenges which is the focus of this research
paper.

The modern eminence of the world in becoming a global solar smart city prompted by increasing
daily demand of energy by the global population. Energy requirements and the related services are
indispensable in order to satisfy the mounting social, economic, welfare and health concerns. The
adoption of the abundant solar thermal energy resources is inevitable but it comes with the forward-
thinking approach of interdisciplinary and multidisciplinary research and is a vital step toward
meeting the energy demands for the future generations. Although, it is indeed an overwhelming need
that currently approximately 1.4 billion population in the world are in absence of essential electricity
supply and more than 80% of these people reside in rural areas [4]. Harnessing the abundant solar
thermal energy [5,6] and improvement with vacuum insulation for the utilization and conversion
could not be an arguable issue, but a public perception of bringing sustainability must be valuable.
With legislative pressures and growing social awareness of climate change, the global power
networks are inclined to include more sustainable generated energy resources, regardless of their
effectiveness. With a careful direction, it would be possible to not portray a technology as far more
energy-efficient or sustainable than it truly is. However, the challenges remain as low-cost electricity,
increasing research business and manufacturing opportunities meaning economic growth whilst
maintaining pledges of reducing the impact of creating technologies on global warming. Thus, the
main significance of this collaborative paper is not to repeat the existing reviews but to present the
modern eminence and concise critique of progressive and realistic solar thermal energy resources
and vacuum insulation technologies that have a huge implication and will become the paramount in
the energy research fields.

2. Solar Thermal Energy Harvesting Technologies

Amongst all the renewable energy resources available, solar thermal energy is the most copious
because it is accessible in both direct and indirect modes. It is estimated that the Sun emits solar
radiant equivalent power of 3.8:102° MW. In which, 1.8-10'* MW is captured by the earth planet,
located 150 million km from the sun, and reached about 60% [7] on the earth’s surface i.e. 1.08-10%!
MW and about 40% of it absorbed in atmosphere and reflected back into the space. If 0.1% of this
solar radiant power were to be converted, at 10% efficiency, in to electrical power that could be
fourfold of the world’ total power generating capacity i.e. 3000 GW. Solar thermal energy collectors
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have long been used for heating and drying since centuries by ancient civilizations [8]. It is an
alternative form of heat exchanger that converts solar irradiations into thermal energy with the use
of working fluids (oil, water and/or air) for heating, cooling and electrical power generations.
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Fig. 2. Shows (a) types of solar thermal energy harvesting technologies, (b) worldwide operational
solar thermal energy capacity in GW compared to annual solar thermal energy yield in TWh, (c)
worldwide operational PVT systems by solar thermal collector type, area and applications in 2019,
(d) global distribution of the operational total installed capacity by solar thermal collector type in
2018, and (e) worldwide operational capacity and annual energy yields of solar thermal heat
compared to other renewable energy resources in 2019, IEA SHC & AEE INTEC] [9].
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Recently, solar collectors have been advanced and are now characterised, as shown in Fig. 23,
into two types: (a) static non-concentrating solar thermal collectors, it consists of flat plate (glazed
and unglazed), evacuated tube, hybrid photovoltaic thermal (PVT); and (b) traceable concentrating
solar thermal collectors or famously known as concentrating solar power (CSP), it consists of
parabolic trough collector, parabolic dish sterling, central receiver plant and linear Fresnel reflector.
According to IEA SHC & AEE INTEC] [9], the collective global solar thermal capacity in operation by
the end of 2019 was 479 GW+, occupied roughly 684 million m? of area and annual energy vyield
estimated to be 389 TWh that correlates to the savings of 41.9 Mtoe (million tons of oil equivalent)
and/or 135.1 million tons of CO». Fig. 1b shows the global capacity of both unglazed and glazed water
collectors in operation increased from 62 GW/51TWh (89 million m?) in year 2000 to 479 GW+,/389
TWh (684 million m?) in 2019. Fig. 2c shows the PVT systems in operation in 2019 are dominated in
the air collector type. Fig. 2d shows the worldwide dominance of the evacuated tube collector,
estimated to be 70.4% in 2018, of the total installed capacity in operation compared to any type.
However, Fig. 2e shows that worldwide solar thermal energy potential has not yet been explored
compared to wind and PV systems.

2.1 Static Non-concentrating Solar Thermal Collectors (STC)
2.1.1 Flat Plate STC

Traditionally, flat plate STC are distinguished into unglazed and glazed types. The unglazed flat
plate STC has prevalent applications to heating of swimming pools and integration to the building
facade due to cost-effectiveness and reasonable collector efficiency. Glazed flat plate STC, as shown
in Fig. 3a [10], consists of waterproof-metal casing consists of: dark-painted absorber metal plate
supported by insulation layers; inlet-outlet mechanism with flow pipes filled by heat-transfer fluid;
and protected by anti-reflective translucent glazing to reduce convective heat and irradiation losses
from absorber plate [11]. To critically appraise, glazed flat plate STC are typically limited to the
operating temperature range of 30°C to 80°C, if glazing were smashed or fluid froze due to weather
conditions then it would be difficult to replace glazing and require regular maintenance. However, it
is static and have drawback of non-trackability of solar irradiations. Flat plate STC are usually
recommended for hot-arid sunny climate as their performance is distressed by the cold-arid climate
and partialized by the weather as moisture and condensation could cause erosion of internal
materials.

2.1.2 Evacuated tube STC

Evacuated tube STC is considered to be having better thermal performance, operating
temperature range of 50C-200C, than the flat plate STC. It is why in 2018 about 70.4% the global total
installed capacity in operation is for evacuated tube STC. Typically, evacuated tube are usually
distinguished into either direct heat-flow or heat pipe flow configurations. An evacuated tube, as
shown in Fig. 3b [12], constructed with parallel evacuated glass pipes, each evacuated pipe consists
of inner and outer tubes (the inner is selectively coated and outer is transparent), with this
configuration passive solar tracing would not be an issue. Because, when solar irradiations strike on
the outer transparent tube then the inner coated tube absorbs the radiative heat. Here, vacuum plays
an important part of minimizing the heat losses and thus require tube to be evacuated with vacuum
pump and fused the edges. Such evacuated tube configuration minimizes the convective heat losses,
improving thermal insulation, due to the use of vacuum pressure range of (1 kPa and 10 kPa) [13].
However, the convective heat transfer losses can further be supressed with an improvement of tube
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vacuum pressure but it comes with the repercussions of cost and operating temperature limitations.

A number of evacuated tube STC technologies are commercially available and significant research
has already been done by numerous authors [12]. For example, as shown in Fig 3b [14,15], a gravity-
assisted evacuated tube based on heat pipe configuration. In which the solar irradiations (direct and
diffuse) warm up the outer surface of the heat pipe evaporator then transferred to the inner surface
of the evaporator by conduction and vaporizes the heat pipe working fluid (water). The vaporized
water particles flow upwards due to buoyancy forces to the condenser and the header fluid (water)
absorbs the heat from the condenser, the condensed water particles move back to the evaporator
by gravity and the cycle is repeated [13]. The evacuated tube STC has lower maintenance compared
to flat plate STC because if a circular tube gets damaged then the STC will still operate but at lower
efficiency and replacing the tube is easier. Evacuated tube STC are primarily suitable for domestic hot
water applications. Due to the significance of achieving higher temperatures with evacuated tube
STC, overheating has been a problem. But, nowadays, automation and heat energy storage with
phase-change materials are also being explored for wider heating and domestic applications.
However, evacuated tubes are sensitive and can be improved with nanotechnology, improved glass
materials and nanofluids.

2.1.3 Hybrid PVT STC and with TEG

The hybrid Photovoltaic Thermal (PVT) STC concurrently convert solar irradiations into electrical
power and heat. A conventional PVT STC consists of an absorber plate attached on the bottom of the
PV module as shown in Fig. 3¢ [16]. The heat removal plate lowers the PV module temperature down
to its nominal temperature whilst collecting heat to be utilized for domestic hot water applications.
It poses a number of challenges as PV modules achieve better efficiency when operated under
nominal temperatures, for example every degree rise of temperature above 25°C, an efficiency of
the PV panels could be reduced to 0.25% for amorphous PV and 0.4-0.5% for crystalline PV. Fig. 3c
illustrates the water-based flat plate PVT STC with glass cover [6]. An imperative recent advance in
PVT STC are related to flat plate STC, mostly investigated the tube parameters [17], absorber plate
[18], storage size [19], types of PV [20], metal fins [21], fluid flow and passage configurations [22].
Generally, hybrid PVT STC are believed to achieve improved energy conversion efficiency compared
to aforementioned types of STC.

The hybrid is a new norm in improving the performance of existing STC. The thermoelectric
generator (TEG) can be integrated to the PVT STC to convert the waste heat energy into additional
electrical power as shown in Fig. 3d [23,24]. The TEG works onto the principle of Seebeck and Peltier
effects and it comes with its own limitation in terms of conversion efficiency due to the use of Bi;Tes
material where advancements have also been reported [25-26]. PVT combi systems utilizes fluids
(both water and air) circulation mechanism with semi-transparent PV cells that believed to stable PV
cell temperatures and improved overall conversion efficiency as compared to other PVT STC systems.
Also, Phase Change Material (PCM) are proposed to PVT STC to improve the overall conversion
efficiency during non-daylighting hours. Recently, a number of nano-materials and nanofluid
channels proposed [27, 28] that improves the cooling mechanism and achieved the electrical
efficiency of PVT STC to 19% utilizing the base fluid as water and Al,03 as nano-materials [29-30].
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2.2 Traceable Concentrating Solar Thermal Collectors (STC) or CSP (concentrating solar power)
technologies
2.2.1 Parabolic trough collector (PTC)
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Fig. 3. lllustrates (a) glazed flat plate STC [10], (b) evacuated tube flat plate STC [12,14,15], (c)
Photovoltaic/Thermal (PVT) STC [16], and (d) Photovoltaic/Thermal-Thermoelectric Generator (PVT-TEG) STC
[23,24]
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Parabolic trough collectors (PTC) equipped with sun-tracking system works on the principle of
concentrating solar irradiations, using trough-designed mirrors, on to reflector tubes located in the
trough’s focal line, as shown in Fig. 4a [31], that heat up the fluid (oil or molten salt) to approximately
400°C [32] and then pumped through a chain of heat exchangers to create superheated steam to be
applied on the turbine blades of synchronous generator for the conversion to electrical power. The
absorption coefficient and position of the reflector’s tube are important parameters for higher solar
concentration and heating of the working fluid because it might concentrate to between 70 and 100
times than the usual solar irradiated surface temperature. Typical, solar to electrical power
conversion efficiency lies between 10% and 30% [33]. The PTC is the most widely used concentrated
solar power (CSP) technology for large scale solar thermal power generation. The SEGS (Solar Energy
Generating Systems) located in Mojave Desert of California, USA, illustrated in Fig. 4b [34] has the
installed capacity of 354 MW and generates 662 GWh of electrical power annually.

2.2.2 Parabolic dish sterling (PDS)

The parabolic dish sterling (PDS) has automated sun-tracing system that trace the solar
irradiations throughout a day in a clear sky to focus the concentrated heat on the receiver-tube that
heat up the fluid to approximately 750°C and drives a Stirling engine-generator. It is suitable for lower
power generating capacity, typically between 1 kW and 10 kW [35], due to the dimensions and
balancing weight-load of the dish and the engine. A number of researchers proposed novel designs
[36-39], in which the main focus was on the rim angle i.e. near to 45° believed to achieve higher
concentration ratio and some proposed to achieve the flexibility between 10° and 90°. A typical PDS
can achieve concentration ratio up to 2000 times and can achieve efficiency up to 40 % A commercial
10 kWe parabolic dish by ‘/EURODISH’ is shown in Fig. 4b [35,40,41].

2.2.3 Central receiver plant (CRP) or solar tower

A central receiver plant (CRP) or commonly known as solar town consists of an array of circular
traceable mirrors, known as heliostats, utilized to concentrate solar irradiations on to central receiver
placed at the high-point of a tower or receiver tube, as schematically shown in Fig. 4c [42]. A receiver
absorbs concentrated radiations reflected by heliostats to the receiver tube that heat up the fluid to
approximately 1000°C heat to be applied on the turbine blades of synchronous generator for the
conversion to electrical power. Fig. 4c [43] illustrates a CRP by Gemasolar plant owned by Torresol
Energy, Spain, has 19.9 MW installed capacity and can generate 80 GWh electricity annually [43]. A
typical CRP can achieve concentration ratio between 300 and 1000 times and the operational
efficiency can exceed 30% [33].

2.2.4 Linear Fresnel Collector (LFC)

A linear Fresnel collector (LFC) consists of an array of fixed square shaped mirrors that
concentrate solar irradiations to linear Fresnel reflector receiver tube located at the top of the
mirrors and simultaneously concentrate the secondary reflected radiation from the secondary
reflector to the receiver tube that heat up the fluid up to 400°C, as illustrated in Fig. 4d [44]. LFC is
different and cost-effective compared to PTC as it uses a series of flat mirrors with single and double
tracing with small curvature instead of the parabolic shaped mirrors. Apart from the land use
efficiency, the solar to electric efficiency of LFC is lower compared to PTC due to a reduction in the
reflected radiation that reaches the receiver of LFC at high transversal incidence angle because the
incidence angle on the LFC varies transversally as well as longitudinally. In nearly most of the receiver

59



International Journal of Solar Thermal Vacuum Engineering Penerbit

Volume 1, Issue 1 (2020) 52-71 Akademia Bal'u

tube designs, the radiative heat loss dominates in LFC due to larger surface area of the receiver tube.
Fig. 4d [45] also shows a typical LFC prototype in Sicily, Italy [46].
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Fig. 4. lllustrates (a) parabolic trough collector (PTC) [31] and the SEGS 354 MW PTC plant in Mojave Desert
of California, USA [34], (b) parabolic dish Stirling (PDS) [35] and a typical 10 kWe parabolic dish by ‘EURODISH’
[40, 41], (c) central receiver plant (CRP) [42] and 19.9 MW Gemasolar plant owned by Torresol Energy, Spain,
[43], (d) linear Fresnel collector (LFC) [44] and a typical linear Fresnel collector prototype in Sicily, Italy [45,46]
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3. Vacuum Insulation Technologies
(a) | Thermal and Sound Comfort in Sustainable Low-Carbon Buildings
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Fig. 5. lllustrates (a) diagram showing the context thermal and sound comfort in sustainable low-carbon

building’s in relation to the scope of va

cuum insulation technologies, (b) global buildings and construction

sector’s final energy and CO, emissions in 2018 [47], and (c) the dominance of space heating and space cooling

in the building sector [48]
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The modern eminence lies to the health and wellbeing of global population with sustainable low-
carbon infrastructure enabling the current and future generations to flourish. Amongst which
thermal and sound comfort is a condition of mind that expresses stress-free satisfaction in the
environment of buildings. To achieve this, a string of considerations are needed to take into account,
as shown in Fig. 5a, such as: the activity of the person and type of activity being performed, the
clothing worn by the person, dry-bulb air temperature, relative humidity, noise pollution or sound
insulation, air circulation, and stress-free satisfaction in terms of the tariffs. Thus, an effective
ventilation, fresh air and recirculation, heating, cooling, natural daylighting and electrical lighting
systems are amongst the vital design considerations in the buildings but comes with implications to
the building’s heat load, cooling load, heat losses, cooling losses, solar heat gains, glare and lighting
efficacy. Within the context and scope of this paper, vacuum insulation technologies have significant
influence to minimize the energy consumption and CO; emissions. In 2018, worldwide CO; emissions
of 9.7 GtCO; caused from the building sector [47,48]. In the global buildings and construction sector’s,
final energy accounted 36% and CO; emissions of 39% in 2018, as shown in Fig. 5b [47]. As such, space
heating and space cooling are amongst the top two contributors, as shown in Fig. 5¢ [47,48], and thus
require intervention of the progressive windows and walls insulation technologies.

3.1 Vacuum Glazing (VG)

Vacuum glazing (VG) has a layer of vacuum insulation which is a space, between two glass panes,
of reduced mass of atmospheric-air [49]. The rate of decrease of the density of air in a space
determines the level of vacuum pressure. This provides thermal insulation, because with a lower
density of air the mean free path between air molecules can be increased to above 1000 m [50],
ultimately reduces the heat transfer path between air molecules in a space. This space between two
glass panes is usually evacuated to high-vacuum pressure (0.13 Pa to 1.33-:10* Pa) in order to reduce
conductive and convective heat transfer [51] to miniscule levels, whilst the heat transfer through
radiation can only be minimized using low-emittance coatings [52]. Due to the difference between
external atmospheric-air and internal vacuum pressure, spacers are required to prevent the glass
panes touching each other [53]. These spacers are called support pillars and typically have radii from
0.1mm to 0.2 mm and height of 0.1mm to 0.2mm [54]. In VG, even a small vacuum space gives the
same thermal insulation because radiative heat transfer is the same at any cavity thickness [55]. A
vacuum edge seal around the periphery of the glass panes is required to maintain the high level of
vacuum and avoid the problems of gas leaks, degradation of coatings, and absorption of moisture.
However, heat transfer through conduction occurs because of the contiguous heat transfer path
formed by the support pillar and edge sealing materials. Thus, the constructional components that
mainly determines the thermal performance of VG is its vacuum edge seal [56,57]. The vacuum edge
seal of a VG must be capable of maintaining a vacuum pressure of less than 0.1 Pa [58], in order to
suppress gaseous conduction, for the expected life of at least 20 years. The edge of two glass panes
was first sealed using a high-power laser through a quartz window in a vacuum chamber [59] but the
level of vacuum was not less than the required, 0.1 Pa, due to gases and vapour molecules caused by
laser sealing technique [60,61]. A high-temperature edge sealing material for VG as shown in Fig. 6a
[51], Schott solder glass type 8467 at the sealing temperature of 450°C, was used by the group at the
University of Sydney [51,62,63]. This technique achieved centre-of-pane thermal transmittance
(Ucentre) value of 0.8 Wm2K™ and subsequently developed to the production level under the trade
name of ‘SPACIA’ in Japan by Nippon Sheet Glass (NSG) [64]. The problems with the high-temperature
edge sealing method is that it causes degradation of soft low emittance coatings meaning that only
hard coatings can be used [52]. Toughened glass also cannot be used due to the loss of temper at
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high temperatures [65]. Low-temperature solder glass materials were investigated to form a
hermetic edge seal, but durability was a problem due to the absorption of moisture. Polymers have
problems of both gas permeability and out gassing [66,67]. A low-temperature edge sealing material
indium or indium alloys melts at about 160°C utilized and developed a technique at the University of
Ulster, as shown in Fig. 6b [52,68,69]. This technique achieved a Ucentre value of 0.9 Wm=2K?! and
allowed the use of low emittance soft coatings (such as silver), which reduce radiative heat transfer
between the glass panes and permits toughened glass pane for an increase of support pillar spacing
that reduces conductive heat transfer. The problems with the low-temperature based indium seal
are the scarcity and the cost; because of this, the low-temperature indium sealed vacuum glazing
process has not yet been commercialised [30]. A recent successful construction of triple vacuum
glazing, as shown in Fig. 6e, [71,72,73] and vacuum glazing, as show in Fig. 6¢ [49,74, 75], invented
by Dr Memon, was based on ultrasonically soldering the primary seal, at low-temperature around
200°C, made of composite CS-186 or Sn-Pb-Zn-Sb-AlITiSiCu in the proportion ratio of 56:39:3:1:1 by
wt% and the secondary seal made of reinforced steel epoxy [72]. This composite hermetically sealed
the edges of glass sheets and predicted the U-value of 0.33 Wm2K* and 0.91 Wm=2K for triple
vacuum glazing and vacuum glazing, respectively. A potential of retrofitting triple vacuum glazing
[76,77,78] compared to conventional glazing systems show a promising future [79]. This method
overcomes the cost issue, without compromising the scope of using tempered glass and soft coatings,
but its composite edge seal has higher percentage of lead (Pb) and it is complex-to-construct, mainly
due to the need of precision in ultrasonically soldering the edges of glass sheets [80,81]. The novel
concept of fusion edge sealed vacuum glazing, as shown in Fig. 6d, has proved to be cost-effective,
energy efficient (ultrasonic soldering free), and Pd-free (hazardous substance free) solution, it has a
potential for mass production. It achieved the cavity vacuum pressure of 8.2-10% Pa and predicted
the U value of 1.039 Wm=K! [57], it has significant potential for mass production.

3.2 Translucent Vacuum Insulation Panel (TVIP)

Translucent Vacuum insulation panels (TVIPs), invented by Katsura et al., (2019) [82], is
distinguished in terms of its lower thermal conductivity as compared to traditional opaque vacuum
insulation panels (VIP) [83,84]. The TVIP in this has been a disruptive innovation to existing insulated
windows because it is translucent, slim and can be retrofitted to existing windows of the buildings.
This TVIP consists of a hollow-frame structured-core material encapsulated in a transparent multi-
layered polymeric envelope and the spacers are 3D-printed. The TVIP with frame and mesh spacers
achieved centre-of-panel thermal conductivity of 7:103 WmK? at a vacuum pressure of 1 Pa and
the light transmittance of 0.88.

3.3 Hybrid Transparent PV with VG and TVIP

Hybridization is a new way to bring the windows to smart-energy dimension. In this semi-
transparent CdTe solar cell strings-based glazing is integrated with structured-cored mesh TVIP [85]
and VG for a drive toward modernizing smart windows of the buildings as part of the measures for
Zero Energy Buildings worldwide [89,90]. However, the challenges of voltage quality and harmonic
losses remain in the drive for integration of large scale building integrated PV (BIPV) to smart grid
and eventually to electric-vehicle charging stations [86,87]. Fig. 6g [88] shows semi-transparent
photovoltaic glazing (GPV), vacuum glazing (VG), translucent vacuum insulation panel (GVIP), semi-
transparent PV with VG (VGPV), and semi-transparent PV with translucent vacuum insulation panel
(VIPPV), and their performances were compared. The validated center-of-pane U-values for the VG,
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4. Conclusions and Future Research Recommendations

In this research, a concise critique of the modern eminent solar thermal energy and vacuum
insulation technologies are presented. This research implicates that the world is becoming a global
solar smart city prompted by increasing daily demand of energy by the global population and land-
use. Energy requirements and the related services are indispensable in order to satisfy the mounting
social, economic, welfare and health concerns. The adoption of the abundant solar thermal energy
resources is inevitable but it comes with the forward-thinking approach of inter and multidisciplinary
collaborations and is a vital step toward meeting the energy demands for the future generations.
Although, it is indeed an overwhelming need as well that currently approximately 1.4 billion
population in the world are in absence of essential electricity supply and more than 80% of these
people reside in rural areas. Harnessing the abundant solar thermal energy and improvement with
vacuum insulation for the utilization and conversion have been concisely discussed. The current
challenges remain as low-cost electricity, increasing business opportunities meaning economic
growth whilst maintaining pledges of reducing the impact of creating technologies on global
warming. The main conclusions, along with future research recommendations, are recapitulated into
the following two detailed characteristics:

e Amongst all the renewable energy resources available, solar thermal energy collectors are the
most copious because it is accessible in both direct and indirect modes with global solar thermal
capacity in operation in 2019 was 479 GW:, and annual energy yield estimated to be 389 TWh.
The worldwide dominance, 70.4% total installed capacity, of evacuated tube solar thermal
collector (STC) was reported. Hybridization has been found to be the only way of improving the
existing performance of STC such as hybrid photovoltaic thermal (PVT) that concurrently convert
solar irradiations into electrical power and heat for domestic hot water and various applications.
The future of PVT STC would be to integrate (or ultra-hybridization) of the phase-change material
(PCM) for energy storage and magneto-thermoelectric generators (MTEGs) and/or vacuum
insulated TEG (VTEG) for waste heat energy conversion to electrical power. The concentrating
solar power (CSP) technologies were also precisely studied and yet parabolic trough collector,
dish sterling and solar tower are amongst the top solar thermal heat energy harvesters and
significant industrialisation for electrical power generation has also been comprehended. To
improve the overall system efficiency of CSP technologies, again ultra-hybridization theories
such as the integration of concentrated photovoltaics (CPV) along with wind power and biomass
could be explored in the future.

e The scope of vacuum insulation technologies on thermal comfort and sound insulation in
sustainable low-carbon buildings is presented. The research implicates that there is still a scope
of improving the building and construction sector and target to achieve not only zero-energy
buildings (ZEB) but generating-energy buildings (GEB). Because still in 2018 global buildings and
construction sector’s final energy accounted 36% and CO2 emissions accounted 39%. A concise
critique on vacuum insulated smart glazed windows is presented and the review implicates that
the hybridization with PV and TEG and novelty in the constructional materials of vacuum glazing
(VG) and translucent vacuum insulation panel (TVIP) are vital in the realistic move towards the
GEB. The future of vacuum insulation is not only limited to GEB but vital applications occur in
medical, imaging, mechatronics and manufacturing industries.
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