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Abstract: World needs have revolved around the use of nanotechnology in most vital applications especially in the
energy sector. From which has a major role in the application of this technology in several aspects as the conversion
of energy, the storage of energy and efficiency of energy. Through the ongoing research by scientists and researchers
to incorporate nanotechnology as one of the essential technologies at present and in the future, which has shown the
strength of nanotechnology in reaching the possible superior efficiency. In this review, we present various important
applications of nanotechnology involved in the three main directions (energy conversion, energy storage and energy
efficiency). These ultimate goals of the nanotechnology utilization in the energy sector will offer the high demand of
energy efficiency with minimum losses and high durability in the clean and sustainable resources.
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1. Introduction

Nanotechnology progress and fast growing in a particular energy field [1-6] and its utilization in portable and smart
devices [2] has gained the whole attention today. Thereby, presenting a durable, flexible, and long lifespan [7] of this
technology in energy (storage, conversion, and efficiency) is essentially desired. Various applications in the energy field
like thermal, magnetic, electric, kinetic, acoustic and optical are in deep requirement to enhance the performance within
a minimized scale (Nano-level) [1]. Moreover, current research work using different energy conversion methods (thermal,
thermochemical, biochemical, chemical, electrochemical, mechanical, nuclear and gravitational) are able to convey
the maximum power [8-11]. Energy management of this power is mainly depends on bridging and distributing storage
through the direct and the indirect storage methods [12]. Hence, this will be reflected through the efficient energy prior
to a variety of needs like lightweight/portable, high energy storage capacity, low manufacturing cost, high performance
at low temperatures and faster energy transfer [13, 14]. In order to guarantee a full balance in the energy triangle which
represented by I) Energy storage, II) Energy generation and III) Energy consumption [15], the way of delivering the
energy should be improved using the nanotechnology levels [16] compared to the macroscopic levels.
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Utilization of nanotechnology in the energy sector has shown a remarkable sign based on advantages that presented
in multidisciplinary industries and applications. The rapid growing of nanotechnology in energy was achieved through
the fast trend from conventional to Nano-scale level which is mainly subjected to the different types of used materials,
including graphite/graphene (carbon based) nanomaterials, nanocrystalline (nanosized thin films and ball milled metals)
and nanocomposites (carbon, polymers, metals and ceramics) [1, 17, 18] .

Likewise, in the energy sector [19], nanotechnology role as an essential part in so many energy sources such as

hydrogen energy, wind energy, biomass energy, tidal energy equipment, geothermal energy, solar cells, fuel cells and
batteries they are pointed out in Figure 1.
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Figure 1. Utilization of nanotechnology and power requirement in different application of energy sector [19]

In this paper, we are not trying to present only a perspective review of the most essential applications of
nanotechnology, but also focusing on three main aspects of energy field namely energy conversion, storage and
efficiency that cover the whole energy sector.

2. Nanotechnology trends in energy field

The perception of nanotechnology in the energy sector requires awareness of the general characteristics of
fundamental energy carriers through the summery of length and timescales in liquid, gases and solids [20]. The
enhancement of the energy system performance demands a concise definition of material scales (see Figure 2) within
time-span that is mainly affected by the energy carrier transport, conversion and storage processes [20, 21].
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Figure 2. Material scales from macroscopic to atomic structural levels in a) in a real life a applications and b) in real microstructure regime [21, 22]
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Since the recent two decades, nanotechnology has appeared as a powerful tool in energy field with the support of
efficient, renewable energy conversion, storage and conservation in providing the whole needs of the energy sector [23].
Thereby, this transformative technology enables the overcoming of the limited term resources, insufficient and highly
expensive of the present technology and its impact of the environmental effect as well. Basically, there are two main
stages in energy processing (conversion and storage) and between these two stages we can control by conservation (see
Figure 3) [20]. Hence, it is essential to clarify the nanotechnology trends related to these main aspects and how far it is
applicable today.
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Figure 3. Network of the (technology boxes) energy elements and the coherence of the whole stage together [20]

Nanotechnology trends can be easily noticed through the research progress and applications in versatile majors
[24] specifically those satisfy our daily needs, for instance energy provisions. However, nanotechnology understanding
is mainly based on three aspects a) synthesis and fabrications, b) characterizations and c) performance testing [25], but
the feedback reflection of these aspects are essentially impacted the progress of this technology [26] and increases its
utilization successively in energy conversion, storage and efficiency.

Zach et al. [25] have shown the progress of nanoscience in energy and environment related issues until 2006. There
by, in Figures 4 and 5 the research trend of the nanotechnology in the energy sector since 1991 until today is presented
and from both figures it is clearly that this technology is extremely increased.
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Figure 4. Nano-science and nanotechnology number of publications and research spot in energy sector, according in few selected areas and data were
obtained from the ISI web of science [27]
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Figure 5. Nano-science and nanotechnology number of publications and research spot in energy sector, according in few selected areas and data were
obtained from SCOPUS web of science

3. Recent nanotechnological initiative in energy sector

Based on what have been stated previously, the coming topics will cover the utilization of nanotechnology of
different energy related application areas through conversion, storage and efficiency as observed in Figure 6.

Nanotechnology tends to be the method of using the nanoscience discoveries in various sensitive applications.
For instance, some nanostructured materials are well assembled and self-ordered. Thereby, a possibility of materials
atom design can be achieved for particular and crucial applications. This recommends the nanotechnology as a highly
potential and efficient in various energy sectors. Moreover, some recent initiatives of nanotechnology in the energy
sector can be easily summarized and considered because of the promising future with the massive development and
applications potential in many energy fields. Therefore, the main initiative topics can be drawn from the following
points:

(1) Essentially and strategically important focus for energy research and industrial applications.
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(i1) Strengthening research competence in a related energy fields with various applications in multi sectors like

convergence, storage and efficiency.

(ii1) Speed up technology relocate and rising the economic exploitation of nanotechnology.

(iv) Guarantee the continuous collaboration with international partners and overcome the common threats that face

the technical and scientific issues.

(v) Give more attention to health risks and environmental hazardous with high level of security and control.

(vi) Provide a nanotechnology database system that helps scientists and researchers to collect all needed

information in their investigations especially in different energy sectors.
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Figure 6. An overview of Nano-science in the energy related applications [28]

4. Applications in energy conversion

The process of converting energy through multiple sources is the key to the tremendous development we are
witnessing these days [29], which are manifested through several levels and scales. The importance of nanotechnology
comes from how it includes and permeates all applications, especially that provide more efficient, higher flexibility
and less expensive energy. So, to promote this technology as a promising and leading direction today and in the future,

this section will focus on the applications of the nanotechnology utilizations in the most important energy conversion
applications.

4.1 Solar energy

The solar energy was discovered by Frank Shuman [30] who presented his first contribution to the world between
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1912 and 1913 by building a solar thermal power station in Maadi, Egypt. Despite the promising outcomes Shuman
got at the time, the oil discovery in 1930 shrank the advancement of solar energy and the fossil fuel got more attention
regardless the benefits that solar energy can offer as a renewable source of energy. Meanwhile, the world has faced
challenges with the usage of fossil fuels like run out problems [30, 31] and the environmental issues [32]. Thus, it was
very urgent and well desired to adopt clean and sustainable resources which have stated specifically on 1970 [30].
Intensive work has been considered by scientists to convert the solar energy into the electricity [33, 34] and their target
was to handle out the solar energy and to optimize this power into every usable device and equipment needed for any
human activity. The revolutionary nanotechnology is used to improve the performance of different solar energy fields as
shown in Table 1 [35-41]. The use of nanotechnology in solar panels can be briefly described through the enhancement
of the various dopant elements properties from nanostructure cell arrangements, sub-lattice and extend optical
absorption into the visible region. Three-dimensional schematic representation of atom in the cell Figure 7. Meanwhile,
higher efficiency can be concurrent by nanotechnology and its impact on the solar sector presented Figure §.

Table 1. Some selected applications of nanotechnology in solar cell

Application Results and findings Ref
Solar collector The nanofluid based solar collector had a lower embodied energy (about 9%) and [42]
approximately (3%) higher levels of pollution offsets than a conventional collector.
Efficiency improvements of up to 5% in solar thermal collectors by utilizing nanofluids as
Solar collector an absorption mechanism. [43]
s The ISC and VOC for cells operating with carbon and platinum coated counter electrodes
Dye sensitized solar cell (DSSC) were increased from (360 to 400 mV) and from (175 to 200 pA), respectively. [44]
Power tower solar collectors Efficiency improvement on the order of 5-10% was possible with a nanofluid receiver. [45]
Solar cell efficiency could be improved by increasing the absorption efficiency of light as
Solar PV cell well as the overall radiation-to-electricity. [46]
. . The functionalized (CNS) nanofluids had the potential to effectively improve the solar
Direct-absorption solar collectors absorption capabilities of direct-absorption solar collectors. [47]
Flat-plate solar collector The thermal efficiency of solar collector was increased by about (31.64%) in comparison 48]
p with the conventional solar water heating system.
g . The effect of adding small quantities of nanoparticles (MgO) to pure water minimized
Building solar heating system the heating loss time while the heat gain was lower than pure water. [49]
Solar water heater About 10.88% of an improved efficiency was observed at 0.025% volume fractions. [50]
The PCM was paraffin wax, and the nanocomposite was a paraffin wax base with 1.0 wt%
Solar water heater additive of 20 nm Cu nanoparticles. The thermal conductivity of the nanocomposite was [51]
enhanced by 24% compared to the pure paraffin wax.
A newly proposed solar selective absorbing with the composition of porous C/TiO, was
Solar selective absorbers successfully prepared via UV irradiation polymerization- induced phase-separation method [52]
v with the auxiliary of organic matter PVP. The as-prepared spectrally selective absorption
performance exhibits high solar absorbance.
The nano Cu addition to the paraffin wax contributed favourably where the melting and
PCM solar thermal energy storage solidification temperature of the nano Cu-PCM composite was reduced compared to the [53]
case of the pure paraffin wax.
Solar energy The di-functional nanocomposite films with the ability to effectively and rapidly convert [54]

and store solar energy as thermal energy.
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4.2 Hydrogen energy

Hydrogen energy conversion is divided into three different categories which includes I) diesel engines, II) fuel cells
and III) photocatalytic hydrogen production. Basically, electrochemical conversion and obtaining electricity by means
of chemical reactions through a positively charged hydrogen ions H+ with negatively charged oxygen O- ions and free
electrons e- is one of the basics that hydrogen energy rely on in their functional working approach [56]. For example,
the fuel cell has proven the high performance and also has a promising future. This important finding that made by
William groove at 1938 [57] gave the chance for more research and development of this type as clean and sustainable
resource of energy. Furthermore, the needs and challenges that occurred from other types give the priority to these types
of energy resources to excel and widespread as shown in Figure 9.

— Fuel cells

Application

Figure 9. Fuel cell types and its various applications [58]

The utilization of nanotechnology in fuel cells has been triggered in a previous two decade. Although, Fuel cells
research work has proven a highly and promising resource of energy since 1938 and even today in the extent of different
temperatures. Yet, the need for performance improvement in terms of efficiency and design committed researchers to
develop the structural levels (Conventional to Nano-scale). For example, different research work has been achieved in
the development of fuel cell devices through the enhancement of used material and specifically the nano-scale levels
[59-76]. In addition to, for nano-scale level the structure design ability to control the physical properties and accordingly
will results in a superior performance achievement [77]. Various nanotechnological applications associated with
Hydrogen energy can be observed from Table 2, which is highlighting the important finding with nanoscale utilization.

Table 2. Some selected applications of nanotechnology in Hydrogen storage

Application Results and findings. Ref
Diesel engine The aluminium nanoparticles promoted the diesel fuel combustion. [78]
Single-cylinder The total combustion heat increased while the concentration of smoke and nitrous oxide in the exhaust [79]
diesel engine emission from diesel engine was decreased when the diesel fuel mixed with aqueous aluminium nanofiuid.
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Table 2. (cont.)

Application Results and findings. Ref
The performance of the modified fuel cells was increased by using TiO,/SnO, nanoparticles especially at
Fuel cell hi [80]
igh temperatures.
Photocatalytic The photocatalytic hydrogen production offered unique opportunities to develop an alternative and [81]
hydrogen production sustainable energy system and to reduce emission of greenhouse gases.
Hydrogen production The Ag/TiO, nanocomposite films showed high stability for hydrogen production for more [82]
than one month.
PEFCS CNTs can be inserted into the components of fuel cells to improve its performance and reduce its cost. [83]
The prepared cobalt oxide/graphene nanocomposite had been used successfully for methanol oxidation as
Fuel cell S [84]
a fuel cell application.
The development of a hierarchical multi-scale paradigm promoted the convergence of nanotechnology to
PEMFC X . [85]
sustainable energy technologies.
Nanofluidic fuel cell Their nanofluidic fuel cell had a high overall efficiency, low-cost and miniaturized power sources. [86]
Photocathode A high photocurrent density (35 mA-cm™), onset potential shift (450 mV) and long-term stability were (87]
for water splitting achieved because of the single-crystalline nature of STO.
Fuel cell and Both the magnitude and temporal profile of the observed oxygen uptake agree with an oxygen transport [88]
catalytic activities mechanism described by ‘remarkably mobile’ oxygen defects.
The analysis showed that the challenge: the materials with the best potential environmental profiles during
PEMFC and . : - . : . ¢
Li - the material extraction and production phase (less environmentally intensive materials, lower [62]
1 batteries : . .
nanosynthesis energy use and facile synthesis)
Fuel cells and Nanoporous atomically thin membranes have provided the fascinating opportunity to explore fundamental [89]

£gas sensors

questions in fluid flow at the smallest possible length scale.

4.3 Biomass/biofuels

Another way that can provide energy through different routes includes thermal conversion, chemical conversion,
biochemical conversion, and electrochemical conversion. The idea of this method basically classified into two major
categories first and second generations as can be observed from the next block diagram in Figure 10.

Biomass is considered one of the renewable solutions in energy conversion ways, but still some challenges are
concerned with this type. These challenges can be I) the formation of ash deposits and corrosion inside the boiler in
the fuel combustion stage, II) NOx and SOx emissions from biomass burning power plants in addition to CO, and
Co and III) it can lead to rapid deactivation in the catalysts [89]. These mentioned problems can be overcome by
nanotechnology usage through the materials resistance coating when manufacturing the combustion boilers [90, 91].
The most essential and important applications of nanotechnology in Biofuels/Biomass can be observed from Table 3.
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Table 3. Some selected applications of nanotechnology in biofuels/biomass

Application Results and findings Ref

The addition of nanosized cerium oxide particles to biodiesel fuel were found to appreciably reduce the [92]

Biofuels emission levels of hydrocarbons and NOx components.

Biofuel The biodiesel yield reached up to 96.8% in the presence of KF/CaO nanocatalyst and could be used [93]
efficiently to convert the oil with higher acid value into biodiesel.
. They concluded that the nano-magnetic solid base catalyst used in the preparation of biodiesel gave a
Biofuel . b [94]
good prospect of its development and application.
Biofuel The developed tandem-lipases system gave great potential for biodiesel production from waste grease. [95]
Biofuel They obtained satisfactory yields and esterification ratio under optimal reaction conditions. [96]
Biofuel They obtained a high biodiesel yield (97-100%) with using (STNT) after a chemical reaction of 8 h. [97]
. The catalyst played an important role in biodiesel production and using it to make the biodiesel
Biofuel - « » [98]
production more “greener” one.
Biomass In the case of biomass, the results showed that the molecular traits of untreated and chemically [99]

processed plant cell walls at the nanoscale that heretofore had remained elusive.

Synthesis of polymer-matrix nanocomposites with enhanced mechanical properties for structural
Biofuel applications has led to only limited commercial success. This is due mainly to the inability to control the [100]
desired microstructures in an economical or scalable way.

Recent developments on catalyst design have yielded hydrophobic porous nanomaterials which displayed
Biomass very high catalytic activity for the conversion of carbohydrates to HMF together with greater [1o1]
efficiency of biphasic systems.

New integrated biorefinery process for the co-production of biofuels and silver nanomaterials. By
Biomass impregnating pure cellulose and corn stalk, a heterogeneous cellulosic biomass, with silver nitrate, [102]
followed by pyrolysis, the yield of pyrolysis gases increased substantially, especially of hydrogen gas.
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4.4 Ocean and wind energy

One of the greatest sources of clean and sustainable energy is wind and ocean tidal currents. For ocean tides, they
are mainly resulted from the gravitational interaction of the moon and the sun [103]. Basically, the occurred friction
between winds and water surface [104] is the cause of ocean waves. The importance of this resource comes from their
ability to store kinetic, thermal, chemical and biological energies [103, 105, 106]. Moreover, the ocean tidal power
generation is naturally occurred along the ocean and sea. The output power that can be obtained in different region of
the worlds, for example, USA around 2,800 MW, UK 4,200 MW, South Korea 1,320 MW, Canada 5,338 MW and the
biggest one in India 7,000 MW [103]. On the other hand, it is expected that by 2030 offshore turbine systems will be
able to capture high windspeeds with efficient utility scale energy [107, 108].

The wind energy development will participate in the limiting of the expensive and inefficient on-site energy storage
systems and will be able to match between the wind supply and demand [107]. The importance of Nanotechnology in
both ocean tidal and wind energy can make a superior achievement in the energy supply and this what has been reported
by Vivek Patel et al. [109] and Zhen Wen et al. [110] when they proposed and made a modification on wind turbine
system through using composite materials with carbon based materials like nanotubes which has lightweight and high
strength in the rotor blade part. Also, for energy hybrid nanogenerator in the tidal system as it is clearly shown in Figure
11. Different ocean and wind energy applications can be observed from Table 4.

Table 4. Some selected applications of nanotechnology in wind and ocean energy

Application Results and findings Ref

Nano-colloidal boron nitride additive in a commercial gear oil chemically reacted with the [111]

Wind turbine gear box borided surface to form a wear protective tribofilm.

In the measurement of power output characteristics of a waterfall-type rotor without a

Nano-hydraulic plate, the maximum power coefficient CPmax = 0.58-0.66 if the rotor is placed in an optimum [112]

turbine position for the flow rate of the waterfall.
Nano-sheets as a The h-BN nano-sheets, which can be simply and inexpensively dispersed, can be promising [113]
lubricant additive in water a “green” lubricant additive in water.
Nanogenerator for The proposed configuration doubled the frequency of the induced current and resulted in [114]
wind energy harvesting an enhancement of the output power.

The triboelectrification based TENG farm is highlighted as being a little weight to be
very cost effective, environmentally friendly, and effortlessly connected. Through the effective
structural design, the introduced TENG farm converts the rotating motion into electricity. From [115]
the viewpoint of system arrangement, the TENG farm concept makes a start for a unique way in
power generation for the triboelectrification-based large-scale green energy harvesting.

Nanogenerators for
harvesting wind energy

This technology offers blades reducedweightandincreaseddensityoverfirstgenerationca

Nanostructured rbonnanotube-strengthenedglassfibre. In addition to the use of graphene in gearbox is able to
materials in the wind remarkably reduce the wear rate and the coefficient of friction (COF) of steel parts. In the wind [109]
energy components frames carbon nanotube-based cables are able to carry as much electric current as copper and are

lighter. These have potential sustainability, durability and efficiency advantage.

Generate electricity under either rotation mode or fluctuation mode to collect energy from
Electromagnetic ocean tide, current, and wave due to the unique structure design. In this design, S-TENG can be [110]
hybrid nanogenerator fully isolated from the External environment through packaging and indirectly driven by the
noncontact attractive forces between pairs of magnets, and then W-EMG can be easily hybridized.
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Figure 11. Nanotechnology utilization in a) onshore/offshore wind turbine and b) tidal nanogenerator system [109, 110]

4.5 Geothermal energy

Geothermal energy has been used for a long time and it is considered one of the cleanest and renewable energy
resources to practically indefinite supply. The estimation of this source makes it everlasting for a long time could be
billions of years [116]. It is mainly depends on the heat coming from deep inside the earth’s magma as seen in Figure
12.
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The benefits of this type of clean energy allow people to use in warming and producing electricity through well
digging and underground heat pumping to the surface. There are many merits that geothermal can offer like low
emission, free-combustion and sustainability. The limitation of geothermal energy is mainly the cost and hazards
associated with deep drilling [117]. Nanotechnology is very helpful to overcome these challenges through improving the
used material and introduce a nonstructural model that would be able to act as nano-storage particles with special liquid
as alkanes, which are currently used to help turn power turbines in geothermal plants through evaporation. They are
refining different liquid blends using the nanostructures, in hopes of potentially improving power production efficiency
at geothermal plants by 30 to 40 percent. In geothermal power systems, this could help drive turbines with organic
compounds at lower temperatures. Tests prove that technology is ready to be used within 5 years on existing geothermal
systems [118, 119]. Some selected applications of nanotechnology in geothermal energy are illustrated in Table 5.
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Heat
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Cooling
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Monitoring
well

Production
wells

Figure 12. View of the geothermal system and possible enhancement ideas through fluid injection [120]
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Table 5. Some selected applications of nanotechnology in geothermal energy

Application Results and findings Ref

At that stage it was impossible to estimate the magnitude of the exploitable
Geothermal power resources of geothermal energy that lie hidden under our feet in the earth’s crust. [121]
Geothermal energy use in The economic viability of such a scheme would be enhanced by improving in deep [122]

Britain drilling methods, and allowed UK to use a huge power from a hot power underground.
The used of deep drilling, however it is costly, but providing the world of 0.25
Geothermal energy from the total power, and it can be modified with minimum scale. [123]
. . Enhancement of the obtained geothermal power by system modification through
Geothermal in China the injection of some nanofluids. [120]
Geothermal power Nanofluids can encapsulate or absorb substantially higher orders of energy as [124]
compared to the normal thermal fluids.

Supercritical geothermal The fluid migration gives the potential exploitable supercritical geothermal

resources in the ductile resources that may be more widespread than has been supposed. This easily can be done [125]
crust through the control of rock permeability and nanofluid injection.

5. Applications in energy storage

Since the existence of electricity and huge consumption in various human needs, people were searching for an
effective way to store that energy for frequent usage by direct and indirect ways (see Figure 13). Hence, the energy
storage technology was initiated and effectively continued in achieving the requirements needed for the energy sector.
The main purpose of energy storage for distributed generation applications is to be able to provide more plaint energy
infrastructure with reasonable cost through different techniques including mechanical/pneumatic systems, thermal

systems, electrical systems, optical systems, magnetic systems and electrochemical systems [12].

ifici ; Batteries
Artificial Resevoir Flywheels
Indirect Storage
Pumped Hydro
Natural Reservoir s Heat
Compressed Air
Hydrogen
Energy Storage
Magnerically p——— SMES
Direct Storager
Electrically ———— Supercapacitors

Figure 13. Energy storage strategy through direct and indirect methods [12]

In the previous two decades, many scientists directed their efforts to use the advantages of Nanoscience especially,
in energy conversion and storage because of its vital role in confronting the challenges of serious environmental issues
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like\global warming and the natural limitation of fossil fuels as well. The interesting findings offered by nanotechnology
in energy devices were promising to overcome many challenges because of their unique properties in physical, chemical
and mechanical state [126]. The coming subtopics are showing the application of nanotechnology in energy storage
devices.

5.1 Mechanical systems

One of the main and important mechanical system types for the storage of energy are flywheels. It is very essential
to consider the nanotechnology issues for these types as part of energy generation and storage. Few work was done
under this subject and some trials were done to improve the efficiency and speed of flywheels by using Nano-material,
Nano-fillers and Nano-composites in their rotors [127-129].

5.2 Thermal systems

The importance of thermal energy storage as an inevitable component offluctuant sustainable energy resources is
mainly due to the efficiency and quality of versatile services. Timeframe of the energy generation system in harvesting
and saving energy with long and short-term is subjected to thermal energy storage within the height of its popularity. The
world prediction of thermal energy storage marketing from 2015 to 2019 expected to reach US$ 1,300 million or more
in revenue [83-130]. Thereby, this type of energy can be stored with a wide range of temperatures using thermochemical
and thermophysical energy processes. In thermal energy storage system, various thermal parameters, inherent design
aspects and properties as well are depend in the utilized materials which essentially impacts on the systems efficiency
[131]. Thus, to achieve fully required efficiency in the thermal storage, there are some factors must be considered such
as I) Cooling/heating profile of the system, II) Full or partial storage, III) Proper selection of storage materials IV)
Active system or passive system, V) Power supply timeframe, VI) Heating/cooling plant redundancy, VII) Area/space
existence and availability and VIII) Total consumed cost [132]. The impact of Nanoscience in energy field, especially in
energy storage helped to enhance and achieve major factors needed in thermal energy storage after scientific principles
met engineering endeavors. Therefore, nonexhaustive applications of Nanoscience and nanotechnology in the spectrum
of energy and the environment can easily achieve. Also the nanostructured materials and grids are able to create an
excellent thermophysical property change in bulk materials which results in an enhancement of their energy performance
specifically in thermal energy systems [133]. This can be clearly observed from the study done by Khodadadi et al.,
when they succeeded to make phase change materials, PCM able to give highly thermal storage with the help of copper
nano particles and allowed this to be suitable for thermophysical real-time energy storage applications [134]. However,
the very huge merits, we can get into a thermal storage, but still some challenges exist like environmental impact
depends on the waste treatment, agglomeration or aggregation of particles in PCMs can reduce their efficiency and the
most important one is in human system cycle if nanomaterial enters it will have a serious adverse effect [133].

5.3 Optical systems

The interesting of nanotechnology in studying light-matter interactions at the nanoscale gave the chance to store
energy through optical systems [135-137]. Within the past three decades nano-optics have been investigated and with
recent research work it has been drawn out to apply in a variety of areas. In energy storage it has shown promising
results in the optical system. For instance, in chaotic energy harvesting which considered as one of the important
storage mechanisms, by enabling the design of nanostructure in optical system allows high efficient energy harvesting
within scale limit. The optimization of chaotic light scattering in chaotic cavities can be achieved by nanoparticles with
asymmetric shapes, and the designed mechanism helps in absorbance in the visible range that behaves as dark-body [135].

5.4 Electrical systems

Supercapacitor (supercap) is one of the efficient electrical systems that serve as an energy storage device with lower
voltage limits [138] with three main classifications I) Double layer capacitors, I1I) Pseudocapacitors and III) Hybrid
capacitors. The usage of minimized scales microstructured and nanostructured have made revolutionary achievements
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in the energy storage devices [138-140]. Hence, using nanostructured carbon films in supercapsitors applications is very
essential in achieving highly accessible surface area, high energy and high specific power compared to conventional
batteries [141]. One of the most crucial needs in an energy storage device is to have a dense packing of active interfaces,
this only can be obtained through the utilization of nano-porous structures of highly uniform carbon thin films. It allows
also making well controlled array with regular nano-porous through self-assembly and using multilayer atomic layer
deposition [142] in capacitor components (see Figure 14) [143, 144].

(a)
A B AAO pores C After MIM deposition
Al i Al Al
Glass substrate Glass substrate Glass substrate
e SR
D Electron-beam aluminium E After TE etch F (Vj
Al \ Al Al
Glass substrate Glass substrate Glass substrate

Figure 14. Illustration of a) the process sequence to prepare nanostructured MIM capacitors and b) the metallic nanosheets as supercapacitor electrode
materials [143, 144]

The promising technology of Nanoscience in supercapacitors can be more beneficial when gives more interest
to nanocarbon materials for their role in developing the devices for sustainable production energy storage [145]. Also
using nanocarbons with chargeable batteries as Liu [146] discussed about implementation of graphene in energy storage
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devices and will allow to provide a specific capacity > 500 mA-h-g™.

Another sort of the electrical systems can be found in batteries and especially ion-batteries [145-156] which have
some merits compared to other storage device types in the energy sector (as shown in Figure 15) like I) High energy
density, II) Self-discharge, I1I) Neglecting of priming, IV) minimized maintenance and V) various types are available.
There are some challenges are existing when batteries are used, for example, Ageing, Protection, and cost. But by the
help of nanotechnology [157-168] a superior achievement and enhancement can be obtained by scientists to increase the
efficiency of these devices.
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Figure 15. Energy storage technologies with system efficiency trend [169]
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Figure 16. Nanostructure array manufacturing and working functions with bicontinuous battery electrode [157, 158]

Nanostructered arrays in batteries allow overcoming the problems countered in Li metal batteries, as can be
noticed from Figure 16. The nanostructured arrays are able to control the volume shrinkage, electrode thermal stability
well matched, highly controllable dense electrolyte and overcome the volume fluctuations. Therefore, good cyclability,
thermal runaway handling and explosion hazards minimization could be easily achieved like the one used in lithium
metal anodes Li-ions and bulk batteries [157, 158].

6. Applications in energy efficiency

The major problem in the energy sector is mainly focused on the lack and shortage of output power and efficiency
in the long run. Hence, the developments of renewable energy resources are essential issues and have got the attention
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of researchers along the recent decades. Although, the term of energy efficiency became an interesting topic for more
investigation, but very limited research work has been done on the development of techniques that improve the energy
efficiency [170]. Recently essential attempts are made to increase the performance and the related efficiency of various
resources of energy. The usage of nanotechnology in various devices mainly focus on applying new methods to reserve
as much amount of energy as possible [15, 171].

The main concepts of these developments are relying on the design of utility energy efficiency schemes and the
consideration of energy service (economics and cost) with main safety issues [172]. Thereby, applying these roles will
increase the energy efficiency in the transport, industry and building sectors.

Basically, the application of nanotechnology will give a better chance to handle and control the performance and
efficiency within very low temperature ranges. Hence, the main target of some studies to seek the traditional structures
with green architecture developments (reducing power consumption) by the implementation of nanotechnology and
its applications in this sector [15]. This can be achieved through nano-technological as Yuan et al. [173] “surface
treating (coating process) include anti-reflectivity, switchable transparency and darkening in photochromic glass, anti-
fingerprint, fire protection, antibacterial, scratch-proofness, air cleaning, and microcapsules for fragrances”.

The main target required from efficiency improvement is the current energy utilization and developing new energy
sources. Hence, the need of nanotechnology may enhance the performance of many renewable/sustainable resources as
well as enhance the performance of the conventional sources of energy like, the decrease of high emission of fossil fuel
types attached with CO, capture. Moreover, nanotechnology will allow and offer high surface area per unit volume that
result in high activation in bulk materials. Also, chemical reaction mechanisms using nanotechnology will be speed up
in addition to catalysis activity as well and as a result increase and enhance the efficiency of many processes [174].

To improve the energy efficiency there must be a clear plan and strategy that offer reliable methods during various
applications by means of different renewable resources of energy. This can be observed from the following Table 6 [15].

Table 6. Essential selected factors in energy efficiency considerations

Factors Strength Weakness Opportunities Threat
Energy cost *
Environmental issues control *
Sustainability *
Quality *
Income *

Insulating techniques
Skill & experience *
Design and maintenance *

Structure condition

Marketing *

Society economic influence *
Innovation and developments *
New specialization for engineers *

Building or device insurance costs
Climate hazardous

Materials selection challenges
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The most important aspect in the structures or devices is now related to nanoarchitectures by selection and
synthesis of low density, high porosity of nanoarchitectures that offer high surface area for chemical reactions with a
persistent porous nanoarray for fast ionic and molecular outflow, like what is happening in hydrogen storage devices [15]
as shown in Figure 17.
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Figure 17. Geometrical design consideration of 3D batteries in energy-storing nanoarchitectures [171]

Another example can be presented through the performance of innovative nano-gel windows, when compared
to conventional glazing systems, can be evaluated considering some important factors to be considered like I)
Transmittance of lights (system diffuse), II) Thermal transmittance (heating and cooling loads) and III) Sound effects
(reduction index) [175].

The salt and paper
battery

© Anode
Conducting paper
of algae cellulose

© Cathode Current collectors

Conducting paper of

algae cellulose Coal (graphite) foil

Advanced Energy Conversion Materials 54 | Abdalla M. Abdalla, et al.



Aircraft nanotechnology Solar cell nanotechnology

Si substrate

Figure 18. Proposed projects from Nordic to carry out the research and development necessary for energy efficiency enhancement through utilization
of nanotechnology [176]

Energy efficiency needs more developing and investigations, especially the ones related to climate and
environments. Thereby, ensure the research and innovation quality is necessarily required across the different sectors
with enhanced mobility of competence. The establishment of professional international network cooperation will
activate and strength the energy efficiency programs with minimum loses in the whole world [176]. For examples, the
initiation of nanotechnology projects in energy efficiency as an important element to satisfy the world’s need will offer
the best materials that can achieve the previous goals as mentioned in the previous section. Among these projects we can
find this nanotechnology in batteries, fuel cells, aircrafts, building/architectures and solar cells as shown in Figure 18.

7. Conclusions

The aim of this review work is mainly to spotlight the utilization of nanotechnology in main energy sectors
(conversion, storage and efficiency) in recent years. The review focuses on a very essential part related to nanomaterial
array manufacturing and processing as well. This review offers the most common and important applications that can
show a superior performance after the application of nanotechnology than the conventional methods. Moreover, this
work gives the direction that nanotechnology initiatives lead to better output in various energy sectors.
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