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Abstract: Globally, electricity demand rises by 1.8% per year; according to the American Energy
Information Administration, global energy demand will increase by 47% over the next 30 years, driven
by demographic and economic growth. Global demand for electricity is growing faster than renewable
energy sources. Electricity production from renewable sources (i.e., biomass energy, geothermal
energy, hydro energy, solar energy, tidal energy, wind energy) is on its way to strong growth around
the world over the next dozen years. With the increasing demand for energy, new technologies and
materials are being developed to replace exhaustible traditional construction materials. This article
aims to provide a comprehensive overview of the research into the application of composite materials
in mainstream power generation. The main energy generation technologies, i.e., photovoltaic panels,
wind turbines, fuel cells, and biogas generators, were analysed and discussed. The review presented
in this article also covers the latest achievements and prospects for the use of composite materials in
energy generation devices.

Keywords: composites; biomass power; fibre metal laminates; fuel cells; FML; green energy;
nanocomposites; solar PVs

1. Introduction

Currently, renewable energy is gaining an increasingly leading position (Figure 1)
in the face of the increased depletion of fossil fuels and the desire to protect the natural
environment. The development of energy generation devices requires the use of appropriate
materials that are highly durable on the one hand and environmentally friendly on the other.
The use of metals produced by metallurgical methods is limited due to their high weight
and relatively low fatigue strength [1]. Interest in composite materials results from the fact
that they represent mechanical and strength parameters similar to metallic materials and,
at the same time, their low weight, which extends their use in structures where the weight
of the structure is of primary importance. Composites containing fibre fillers that prevent
crack propagation are more resistant to cracking and fatigue loads compared to metallic
materials [2,3]. The basic indicator of the fibres used in the production of composites is
the specific strength as the ratio of the tensile strength to the specific weight of the fibre
material [4]. The specific strength of aramid and carbon fibres is six times higher than
titanium and ten times higher than steel. The largest energy generation devices (i.e., wind
turbines) are exposed to corrosion, in particular in a salty marine environment. Under
these conditions, only composite materials can be used to build rotor blades to provide
the appropriate durability of the structure. Composites also make it possible to obtain
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materials with properties that cannot be obtained by metallurgical methods of metallic
materials [5]. However, increasing environmental protection requirements, as well as the
subsequent obligation to dispose of the products, makes it necessary to select composites
taking into account their recycling [6,7]. Currently, wind turbine elements are commonly
made of carbon fibre-reinforced plastics, which are difficult to recycle. Many turbines
manufactured in the 20th century require repairs and renovations. So, it is an opportunity
to use more sustainable materials, which have developed significantly in recent years with
the methods of their design and processing. The world is moving into a new era for wind
energy, according to The European Composites Industry Association (ECIA), the weight
of used wind turbines is 2.5 million tons, and in the next few years, 12,000 turbines will
have to be replaced or modernized [8]. There is currently a need for the substitution of
difficult to degrade, or completely non-biodegradable polymers, for renewable ones of
natural origin, which are fully biodegradable [9,10].

In general, composite materials used in energy generation devices fulfil two functions.
The first group of composite materials is used to provide the structure with adequate
strength (i.e., rotor blades of wind turbines). The second group consists of conducting
polymers, which are attractive organic materials for future high-throughput energy storage
applications due to their flexibility, lightweight, controllable resistance over a wide range,
cost-effectiveness and high conductivity (>10% S-em~1) [11]. Conductive polymers can be
coated on another material and incorporated into composites due to their good material
affinity. Furthermore, the physicochemical properties (i.e., miscibility, cross-linking, affinity
and chemical stability) of electroactive polymers can also be controlled by modifying their
chemical structures [12].

Modern construction materials in the form of composites are being tested in many
different applications related to energy production, solar cells, supercapacitors, vehicles,
fuel cells, wind turbines, hydropower and biogas generators. Typical sources of elec-
tricity are shown schematically in Figure 2. Composites containing organic polymers,
in addition to conductive properties, also exhibit desirable properties such as electronic,
magnetic, wetting, optical, mechanical and microwave absorption properties. According to
El-Ghoul et al. [13], conducting polymers (CP) generally are classified into the following
three principal groups: conducting polymer composites [14,15], intrinsically conducting
polymers (ICPs), [16,17] and ionic conducting polymers [18]. The general application of the
nanomaterial-based polymers and their composites in many various applications related to
energy production and storage are shown in Figure 3.

A composite is a man-made material made of two or more components (phases) with
different properties. The properties of the multiphase material produced in this way are the
result of the properties of the components with different physical and mechanical properties.
One of the components is the matrix that binds the composite together, and the other is the
construction material responsible for giving the composite the appropriate strength, which
is the result of the properties of the component phases, the volume fraction of the phases,
the distribution of the dispersed phase in the matrix and the geometrical features of the
dispersed phase [19,20]. The appropriate combination of component materials and their
orientation makes it possible to obtain a material with properties impossible to obtain by
classical methods of producing homogeneous materials.

Depending on the intended use, composites are divided into structural and composites
with specific physical or chemical properties. The division of composites according to the
type of matrix distinguishes composites with a metallic and non-metallic matrix (polymer,
ceramic and semiconductor). Classification of the composites is shown in Figure 4.
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Figure 1. Worldwide energy consumption, prepared on the basis of [21].
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Figure 2. Sources of the electricity: (a) biogas, (b) wind (a—monopile; b—gravity-based; c—jacket;
d—tripod; e—tripole; f—spar type; g and h tension-legged; i semi-submersible), (c) photovoltaics,
(d) hydrology and (e) geothermal. Prepared with permissions from [22] (Copyright © 2020 Hydrogen
Energy Publications LLC. Published by Elsevier Ltd.), Ref. [23] (Copyright © 2021 Elsevier Ltd.),
Ref. [24] (Copyright © 2022 Elsevier Ltd.) and [25] (Copyright © 2013 Elsevier Inc.).
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conversion

Metallic or non-metallic matrixes are reinforced with dispersion, molecular or fibrous
reinforcing phases (aramid, basalt, glass, carbon fibres, etc.). Metal matrix composites
(MMCs) are a group of heterogeneous materials consisting of at least two different inter-
connected components that occupy specific geometric forms in the composite material
and characterize it with their volume fraction [26,27]. Their matrix consists of metals
(e.g.: tungsten, cobalt, nickel, iron), which in the process of their formation, occur in the
powdered form [28,29].

MMCs are classified according to the method of their production as follows [26]:

e  Exsitu—their reinforcing phase is prepared in a separate process and then introduced
into the matrix material;

e In situ—their reinforcement is created in the liquid matrix of the composite dur-
ing the metallurgical process as a result of chemical reactions taking place between
its components.

batteries

water
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Figure 3. Applications of conducting polymers.

Composites with a non-metallic matrix are divided into a polymer (polymer matrix
composites—PMCs) and ceramic (ceramic matrix composites—CMCs) [30]. PMCs usually
form thermoplastic and thermosetting synthetic polymers formed from the combination of
simple molecules (so-called monomers) with low molecular weight. They are formed as
a result of a reaction called polymerization. CMCs are a group of materials with a brittle
ceramic matrix with micro- and nanometric dimensions [31]. Ceramic matrix composites
are materials with a brittle ceramic matrix (Al;O3, AIN, SiC, sialon), in which grains of
the also brittle, second ceramic phase are distributed [32]. In the vast majority, they are
produced by typical ceramic technology. In these composites, it is possible to obtain an
increase in strength and/or fracture toughness compared to single-phase polycrystals [33].
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Figure 4. Classification of the composite materials.

Dispersion-reinforced composites are made of a metal matrix reinforced with fine
ceramic or metallic particles with a diameter of 0.01 < 0.1 pm and a volume fraction in
the composite of about 15%. The volume fraction of the reinforcing phase in this type of
composite does not exceed 90%. Fibre-reinforced composites, depending on the fibre length,
include short fibres (up to approx. 0.3 mm), long fibres (0.3 + 20 mm) and continuous fibres
(the fibre length is much greater than fibre diameter d) [33]. The fibres may be unoriented
or oriented when the fibres are directional [34]. Polymer composites can be reinforced with
glass fibres (glass fibre-reinforced polymers—GFRPs), carbon fibres (carbon fibre-reinforced
polymers—CFRPs) or aramid fibres (aramid fibre-reinforced plastics—AFRPs).

Hybrid composites (fibre metal laminates—FMLs) consist of different construction
materials. Initially, FMLs were developed for applications in the aviation industry; in
this way, the weight of structural elements was reduced without reducing the strength
and fatigue properties of the components [35,36]. FMLs consist of adhesively joined thin
layers of metal sheets with a polymer composite reinforced with aramid, glass and carbon
fibres [37]. There are two main groups of fibre metal laminates. The first of them are
composites based on aluminium alloy sheets. The second group includes composites in
which other metals were used, such as the following: magnesium [38,39], titanium [40,41]
or steel [42,43].

Aluminium-based hybrid composites are commonly known as glass-reinforced alu-
minium laminates (GLARE), consisting of 2—6 layers of aluminium alloy sheets (GLARE
1—7475-T761, GLARE 2-6—2024-T3) with a thickness of 0.2 up to 0.5 mm. Layers of fibres
bonded with an epoxy resin matrix are arranged alternately between the metal support
layers. Carbon-reinforced aluminium laminates (CARALLSs) consist of layers of aluminium
alloy sheets and layers of polymer composite reinforced with carbon fibres pre-impregnated
with epoxy resin. Aramid aluminium laminates (ARALLs) are composed of aluminium al-
loy sheets (ARALL-1: 7075-T6, ARALL-2: 2024-T3, ARALL-3: 7075-T76, ARALL-4: 2024-T8)
with a thickness of 0.3 mm and layers of polymer composite reinforced with aramid fibres
impregnated with epoxy resin. Aramid fibre-reinforced polymers (AFRPs) are used when a
combination of low weight and high ductility is the main application criteria. However,
CFRPs exhibit significantly higher stiffness.

The mechanical properties of polymeric composites can be improved by introducing
nanoparticles into the polymer matrix, where the nanoparticle acts as the discontinuous
phase. Buller and Strunk [44] showed that nanostructured materials are largely in use
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to tackle the pressing energy challenges associated with the conversion of energy [44,45].
Nanostructured materials have proven to have better chemical and physical properties
than conventional materials with no nanoparticle inclusion [46,47].

Two-dimensional (2D) composite materials are composed of multiple thin single-
atom-thick layers, which are weekly coupled through van der Waals interactions [48].
Electrons in these layers are free to move in the 2D plane, but quantum mechanics governs
their restricted motion in the third direction. The 2D composite materials can be classi-
fied as zero-dimensional, e.g., quantum dots; one-dimensional, e.g., nanotubes, nanorib-
bons and nanowires; two-dimensional materials, e.g., single-atom graphene sheets; three-
dimensional, e.g., nanoballs. The classification of 2D composites is shown in Figure 5. The
two-dimensional materials restacking enhance interlayer sparing, allowing more room for
the extraction and insertion of ions [49]. Moreover, 2D composites have the opportunity for
ion winding to active sites due to the large specific surface area. For these reasons, they
have been widely used in electrochemical devices. General applications of the 2D-layered
composites for, i.e., photocatalysts, enhanced electrical conductivity and enhanced strength
and stiffness, as shown in Figure 6.

Figure 5. Classification of 2D materials-based composites.

Many studies have been conducted on the use of composite materials to improve the
efficiency of energy generation and provide construction materials with adequate mechani-
cal strength, breaking toughness, corrosion resistance, fatigue resistance, weight, rigidity
and appearance. Karadotcheva et al. [50] have shown that multifunctional structural power
composites (SPCs), which combine energy-storing and load-bearing functions, offer an
alternative to higher-energy-density batteries and will potentially enable lighter electric
vehicles and aircraft. For example, carbon fibres can be used to store electrical energy, can
act as current collectors to conduct electrons and can be used to carry structural loads [51].
Recent advancement in the development and use of nanoparticle-based composites for
energy applications is discussed by Ibrahim et al. [52]. They concluded that advancement
in composite materials has contributed to the development of alternative sources of energy
generation from sustainable resources. Kiehbadroudinezhad et al. [53] have shown that
using energy storage systems in hybrid power generation systems based on renewable
energy increases the reliability of the power generation systems. Hybrid composites with
mixed E-glass and high-strength fibres allow for achieving the combination of higher stiff-
ness and damage resistance for wind turbine applications [54]. Khan et al. [55], in their
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review paper, focus on the utilization of biomass for the preparation of composite materi-
als and their application in the field of photovoltaics, photocatalysis and manufacturing
of high-performance materials with tunable structure and properties such as high-value
polymeric materials.
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thermal
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systems

biomedicine
energy
harvesting

Figure 6. General applications of the two-dimensional composite materials.

They concluded that lignin-based composite materials have great potential to replace
cost-intensive materials such as graphene in the field of photocatalysis. Previous individual
review articles have been devoted to a narrow range of applications of composite materials,
mainly in selected applications. If they discussed the use of composites in energy generation
devices, it was not the main topic and therefore did not present a broad view of this subject.
This review is due to the growing interest in the application of composite materials in the
area of energy generation devices; this paper presents a systematic review according to the
PRISMA guidelines [56] on the new prospects in and latest advances of energy generation
devices, including the following sources: wind, biomass, water and sun. This review aims
to learn about the latest technologies and progress in the use of composite materials for the
production of energy generation systems with special attention on the latest ten years.

2. Methodology
2.1. Data Collection Criteria

This systematic review of composite materials used in energy generation devices
was prepared in accordance with the PRISMA guidelines [56]. To achieve the aim of
the article, the following international bibliographic databases were selected for screen-
ing: Scopus, WebofKowledge, DOAJ Directory of Open Access Journals, ScienceDirect,
WorldWideScience, Springer and WorldCat. Please note that these databases include some
duplicated sources. Duplicate documents from different sources have been excluded. The
language of publication was limited to works published in English.

The databases were searched using the following keywords: composite, composite
material, nanocomposite, energy generation devices, distributed generation systems, solar
panels, photovoltaic panels, solar panels, wind turbines, fuel cells and biogas generators.

2.2. Data Analysis

Please note that databases listed in the “Data collection criteria” section include
duplicated sources in some part. Duplicate documents from different sources have been
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excluded. The database search strategy was focused on articles and books published
in the last 10 years. However, the fundamental sources published before this period
are also included. Explored articles whose topics did not fall within the scope of the
review were excluded. Similar works by the same authors or the same teams of authors
were reviewed. However, the review included the authors’ most recent work, which
also included references to earlier works. Review articles found in the literature are
mainly devoted to analysis of efficiency and production of energy using specific devices.
Meanwhile, this article places particular emphasis on the composite materials used to
construct energy generation devices or generate energy.

3. Energy Generation Devices
3.1. Wind Energy

Wind energy is a freely available renewable energy source that has been the focus of
humankind for centuries. Capturing this free energy (which is initiated by solar radiation
and thus infinite on the human time scale) is clearly one of the best solutions for long-term
development [57]. The average rated power capacity for offshore wind turbines installed
in 2019 in the Euro region was 7.2 MW, which is 1 MW greater than those installed in
2018 [58].

The yearly consumption of electricity increased by around 0.2% each year [59]. A
wind turbine turns wind energy into electricity using the aerodynamic force of the rotor
blades, which work like an aeroplane wing or helicopter rotor blade. A typical wind turbine
consists of a hub, a nacelle (cover housing), a generator, a tower and blades [60]. When
wind flows across the blade, the air pressure on one side of the blade decreases [61]. In
the present wind turbine industry, studies are carried out to increase the efficiency of the
wind turbine [62]. Composite material is the basic material that receives great attention
for improving the efficiency of wind turbines [63]. Among all the parts of wind turbines
(blades, hub, gearbox, generator, nacelle, tower, etc.), composite materials are used in
the blades and nacelles [64]. The main requirements for nacelles, which provide weather
protection for the components, are low weight, strength, and corrosion resistance [65,66].
Finding more sustainable wind turbine materials is another important strategy [67,68]. This
is a complex matter due to the high engineering requirements for nacelles and blades—they
must be large, strong, and very lightweight. Typically, nacelles are made from glass fibre
composites. So, in the next section, the application of composites to the blade, tower, nacelle,
and other components was reviewed.

Floating offshore wind is a sector which is rapidly evolving [69]. Due to their floating
nature, floating offshore wind turbines (FOWT) present new and additional dynamics
to a bottom fixed offshore wind turbines due to motions which have an impact on wind
turbine operation [70]. There are different types of floating foundations. The typical
floating foundations can be categorized by the following four classes (Figure 7): barge
class [71-73], semi-submersible class [74], tension leg platform (TLP) class [75] and spar
class (e.g., Hywind Scotland Pilot Park). Ciuriuc et al. [69] concluded that the spar-buoy
and semi-submersible types are the most popular. Blades in FOWT are airfoils made of
composite or reinforced plastic [76]. Composite bucket foundations (CBFs) are a new
and environmentally friendly foundation for offshore wind turbines [77]. The CBFs are
prefabricated in batches onshore and are then transported using an offshore air-cushion
floating approach [78-80]. Hu et al. [81], Fu et al. [82,83] and Jia et al. [84] have shown that
the CBFs can be constructed quickly and are low-cost and highly reliable.
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Figure 7. FOWT substructure design classes (reproduced from Ref. [85], this is an open-access article

distributed under the terms of the Creative Commons CC-BY license, which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited).

3.1.1. Blade

The most prevalent application of composite material in wind energy is for blades.
Due to its benefits, synthetic fibre-reinforced composite material is widely used for wind
turbine blades [86]. For wind turbine blades, glass fibre composites are still the most
common type of composites today, with E-glass (electric glass) being the most common.
Investigations are being carried out for the use of S-glass (magnesium—-alumina-silicate
glass; strength glass) and R-glass (calcium—alumina-silicate glass). These contain more
oxides and less silica [87]. They show 30% higher strength and approximately 15% greater
stiffness than E-glass. Carbon fibres are finding greater demand and are extensively used in
the manufacture of wind turbine blades. They are mainly used for the manufacture of spars
due to their high stiffness. High stiffness, high strength, and a low coefficient of thermal
expansion are some of the desirable properties of carbon fibres. For instance, Aramid and
basalt fibres are promising non-glass alternatives to conventional fibres. Although aramid
fibres have good properties, they also have characteristics that make them unsuitable for
large-scale use, such as UV light degradation, moisture absorption, and low adhesion
rates [88]. Basalt fibres, shown in Figure 8, on the other hand, are a much more promising
material for small-scale wind turbines [89,90]. They possess good mechanical properties
and are at least 9% lighter, 15-20% stiffer, and 30% stronger than E-glass [87].

{a) (k)

Figure 8. (a) basalt and (b) glass fibre specimens after the norm ASTM D3039 test (reproduced from
Ref. [91], this material is distributed under the terms of the Creative Commons Attribution License
(CC-BY), which permits reuse and adaptation, as long as the original authors are cited).
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Two kinds of loads are acting on the surface of the blades, the edgewise load and the
flap-wise load (shown in Figure 9), which are caused due to the gravitational or pressure
load and wind pressure, respectively. The edges of the profile carry the edgewise bending
while the flap-wise bending is resisted by the spar.

Load-carrying laminate flapwise

Ll o LI, i Load-carrying laminate edgewise

tension-compressi

Figure 9. Schematics of a section of a wind turbine blade (Reprinted with permission from Ref. [60];
copyright © 2021 Elsevier Ltd. All rights reserved).

The following materials are used to make wind turbine blades [60]:

e  Glass fibre composites are the most used kind of composites (R-glass: calcium alumina
silicate glass, S-glass: magnesium-alumina-silicate glass), E-glass (electric glass) is
widely used;

Basalt and aramid fibres are promising non-glass alternatives to conventional composites;
Application of the natural fibres (i.e., sisal, bamboo, jute) results in enhanced interfacial
bonding strength between matrix and fibres;

¢ Nanoengineered composites are added to the polymer matrix to obtain better compos-
ite properties;

e  Hybrid composites with high stiffness are fabricated from two or more fibres, such as
E-glass/aramid or E-glass/carbon.

The longest wind turbine blade in the world (88.4 m) was made with glass/carbon
hybrid reinforcement with a new resin matrix [92].

Natural fibres are of the utmost importance, as the manufacture of conventional
composites has adverse effects on the environment and also on the safety of the workers
involved in the manufacture of fibres. The treatment of natural fibres results in enhanced
interfacial bonding strength between the fibre and matrix, which means enhanced mechan-
ical strength and dimensional stability in the resultant composites [93,94]. Natural fibres
used include hemp, sisal, jute, bamboo, etc. One major advantage of natural fibre is its ease
of availability and lower cost. Many tests have been carried out for the implementation of
wooden turbine blades in developing nations. Figure 10 shows the natural fibre composite
boards prepared from bamboo. Batu et al. [95] investigated natural fibre-reinforced polymer
(epoxy) composites for wind turbine blades (ramie, curaua, or pineapple). The replace-
ment of glass/epoxy composite-based wind turbine blades with natural fibre-reinforced
composites leads to a weight reduction per blade of 27.9-38%.
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Bamboo stripe Board laminated Coconut veneer

Figure 10. Bamboo boards (reproduced from Ref. [96]; copyright © 2013 The Author(s). Licensee
IntechOpen. This material is distributed under the terms of the Creative Commons Attribution 3.0
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited).

Hybrid composites are basically composite materials that are obtained by reinforcing
two or more materials into the matrix material in such a way that the final product possesses
the properties that are the best of the materials involved. To create a strong and stiff
composite, two or more fibres, such as E-glass/carbon, E-glass/aramid, and so on, are
used as reinforcements in a matrix material. One of the longest wind turbine blades in the
world (88.4 m) is made with glass/carbon hybrid reinforcement and a new resin matrix
from LM Wind Power’s hybrid carbon technology [97]. A hybrid of natural fibre-reinforced
composite materials was also studied. Batu et al. [98] investigated the fatigue performance
of false banana/glass-reinforced hybrid composites for wind turbine blade applications, for
example. From the numerical simulation results, it has been concluded that the replacement
of randomly oriented glass/epoxy composite-based wind turbine blades by designed false
banana/glass-reinforced hybrid composites leads to a weight reduction per blade of 17.84%.
In addition, the minimum fatigue life cycle of the hybrid composite is higher than the
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designed 109 cycles. However, promising additional testing is required in order to obtain
the perfect proportions for certain hybrids.

Nano-engineered composites are the most recent advancement in composite man-
ufacturing. Here, nanoreinforcements are added to the polymer matrix to obtain better
composite properties. The secondary reinforcements can be in the form of CNTs or nan-
oclay. Merugula and colleagues [97,99] calculated theoretically that adding 1-5 wt.% carbon
nanofibres (CNF) to the interfaces of glass fibre-reinforced epoxy composites for blades
in 2 MW and 5 MW turbines, improves tensile stress and modulus and allows for a 20%
weight reduction, resulting in an increased lifetime. Even though many new material
systems have been developed, these new systems have to overcome many practical and
economic hurdles before they can be used on a larger scale in industries [100].

3.1.2. Tower

Composite materials are an attractive option for wind turbine towers because of their
high specific strength, high specific stiffness, and high corrosion resistance [60]. As the
wind turbine structure moves from a fixed, land-based design to a floating, offshore design,
the mass and corrosion-resistant properties become even more attractive. Furthermore, a
composite wind turbine tower can be built and assembled close to the deployment site,
reducing transportation costs and making the use of large-scale components possible [101].
There are some studies for replacing the steel tower with a fibre-reinforced composite
structure, with the aim of reducing installation and maintenance costs and, thereby, the life
cycle cost of the entire wind turbine. Van der Zee et al. [102] demonstrate the feasibility
of replacing the steel tower of an offshore wind turbine with a fibre-reinforced composite
structure, with the aim of reducing installation and maintenance costs and, thereby, the
life cycle cost of the entire turbine. Design considerations regarding tower strength and
flexibility, as well as manufacturability considerations, are discussed briefly.

Wind turbine blades are a faster-growing industry compared to other types of large
composite structures. The largest blades currently developed will have a total length of
107.00 m and is due to be shipped in 2021 [103]. Ashuri et al. [104] and Fichaux et al. [105]
have proposed initial concepts for blade lengths of 135.00 m and 120.00 m, respectively.
Designs to develop 200.00 m long blades for a 50 MW turbine are part of the Segmented
Ultralight Morphing Rotor project [106]. O'Leary et al. [107] investigated the application of
lightweight composite material in the construction of the offshore wind turbine support
structure. The authors levelised cost of energy (LCOE) projections in comparison with
the existing steel wind support turbine structures. The application of aerospace concepts
such as grid-stiffened tubular and lattice structures to composite wind turbine towers was
investigated by Koot [108] and Kamath [109].

3.1.3. Nacelle

The wind energy industry is awaiting the installation of the first-ever natural fibre
composite nacelle in a Harbor of Rotterdam wind turbine in Amsterdam in spring 2021.
The installation is the result of innovative engineering and materials solutions that could
pave the way for natural fibre composites in more sustainable wind turbine production in
the future. The nacelle is the part of a wind turbine that houses the components necessary
for energy generation. These include the drive train, gearbox and generator, as well as the
brake assembly. Like wind turbine blades, nacelles are typically very large parts made of
composite plastics over a light wood core. They must be able to withstand high mechani-
cal stresses without the degradation that leads to inefficient power generation [110,111].
Natural fibre composites have been used in place of plastic and carbon fibre composites in
several industries with some success, notably in shipbuilding. They are a more sustainable
alternative due to their lower carbon footprint for manufacturing and are better suited for
recycling once they reach their end of life. The natural fibre composite nacelle that will be
installed in Rotterdam is not only the first nacelle made from natural fibre composites ever
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manufactured, but it is also the largest known natural fibre composite structure produced
to date.

The manufacture and end-of-use considerations of such materials have typically per-
formed poorly against sustainability goals. Manufacturing large structures such as nacelles
or turbine blades is highly resource-intensive in terms of energy needed to create molds
and the use of rare materials and natural resources in the plastic materials themselves. The
plastic composite structures of these large components also make recycling too prohibitive
to be viable. For a structure like the nacelle, it was critical that we selected materials that
process consistently and perform well in large scale components, and that is where Sicomin
are so strong. Friedrich Deimann continued: “Their resins, gelcoats and clear coats meet
our sustainability targets, and match our NFC ethos, with no compromise on performance.
And when we need to scale up, they can really supply on an industrial level”.

3.1.4. Confidence in Sustainable Wind Turbine Production for the Wind Energy Industry

After testing and demonstration in Rotterdam, the first natural fibre composite nacelle
will move to its long-term offshore setting. Greenboats hopes to create market confidence
in using natural fibre composites for sustainable wind turbine production with this project.
Greenboats will accompany the delivery of the nacelle with a full evaluation of the com-
ponent’s design and manufacture. They will continue to drive forward sustainable wind
turbine production by engaging more wind power providers and presenting their case for
natural fibre composites in wind turbines.

3.2. Solar Energy

Solar energy is the most abundant and cleanest renewable energy source available.
The sun is the most abundant source of energy for the earth [112]. Naturally available
solar energy falls on the surface of the earth at a rate of 120 petawatts, which means that
the amount of energy received from the sun in just one day can satisfy the whole world’s
energy demand for more than 20 years [113]. The average price per watt for a PV panel
has dropped from ~USD 100 in 1975 to ~USD 3 today [114]. The development of an
affordable, endless, and clean solar power technological innovation has huge long-term
benefits as it enhances countries’ power security by being an import-independent source,
thereby resulting in improved durability, minimal environmental hazards, and reduced
cost [115,116]. There are different devices for converting this solar energy source into usable
forms. Solar photovoltaic cells and solar photovoltaic structures are the basic devices that
have composite materials applied to them [117,118].

Nowadays, photovoltaic technologies can be regarded as viable pathways to provide
sustainable energy generation, the achievement attained in designing nanomaterials with
tunable properties and the progress made in the production processes have a major impact
on their development.

The nanocomposite is the basic composite type applied for solar photovoltaics. The
use of nanocomposites for solar cell application has several benefits, such as reduced
manufacturing costs as a result of using a low-temperature process similar to printing
instead of the high-temperature vacuum deposition process. It is typically used to produce
conventional solar cells made with crystalline semiconductor materials. It can also be coated
over flexible rolls instead of rigid crystalline panels [119-121]. Nanomaterials have a better
surface area-to-volume ratio than the other conventional forms, which improves chemical
reactivity and increases the strength of the materials. Hence it is cost-effective, durable and
highly efficient. Some researchers reviewed nanocomposites for solar photovoltaics. For
instance, developed a lightweight photovoltaic composite structure (LPCS) according to
the characteristics of the stratospheric airship capsule.

Nanocomposites were used as a coating for solar cell efficiency improvements. Kumar
et.al [121] investigated various nanocomposite materials with the aim to improve solar
cell efficiency. The application of the nanocomposite materials shows very promising im-
provement in surface passivity, antireflection and desired energy band gap of the materials.
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Various antireflection nanocomposite materials such as aluminium iso-propoxide, carbon
nano tube (CNT), zinc sulphide, tetra-ethoxy silane and a combination of silver nitrate and
aluminium iso-propoxide are taken for investigation. From the investigation, the CNT-TiO,-
5i0, composite shows high performance. Detailed experimental inference and scanning
electron microscopy analyses are used to characterize the composite material-coated Si
solar cell. It is shown that the proposed surface texturing technique gives an increase in
conversion efficiency of solar cells by 31.25% when compared with the uncoated cells.

Spin-coating is the used approach which allows a quick and easy deposition of the lay-
ers involved in the fabrication of organic photovoltaic (OPV) or hybrid photovoltaic (HPV)
devices. The various hybrid composite layers based on inorganic nanostructures, such as
metal oxides (ZnO, CuO, TiO,, and Cr;03), chalcogenides (CdSe, CdTe, CdS, PbSe, PbS,
5nS;, FeSy, ZnSe, CuyS, CuS, CulnS,, PbS<Se;_«) and silicon-based nanocomposites which
were deposited by spin-coating in order to be integrated as active layers or as additional
buffer layers in the PV devices was studied by many researchers. Gao et al. [122] proposed
a strategy to overcome the weaknesses of CuO and Se and combine their advantages by
fabrication of Se and CuO composite materials CuO:Se by radio frequency magnetron
co-sputtering and low-temperature annealing.

Lietal. [114] provided perspectives on materials for flexible solar cells. Thin-film solar-
cell modules are flexible and lightweight as compared with modules built by conventional
crystalline cells. A thin-film solar cells are fabricated by depositing various functional
layers on a flexible substrate via various methods (solution-phase spin-coating, vacuum-
phase deposition and printing. The most promising material for flexible solar cells is
halide perovskite.

Composite materials were used for solar photovoltaic composite structures. For in-
stance, Zhang et al. [123] developed a lightweight photovoltaic composite structure (LPCS)
according to the characteristics of the stratospheric airship capsule. In order to improve
the flexibility of the solar cell, they studied the mechanical properties in the different
thicknesses of the honeycomb core for LPCS by finite element method (FEM) software and
three-point bending test, and we also launched experiments to measure the temperature
difference between upper and lower surfaces of the LPCS test samples under different solar
radiation flux conditions. Experimental data were examined to evaluate the mechanical
properties and thermal insulation performances of LPCS. Considering the quality of the
whole structure, the paper finally comes up with the conclusion of the optimal thickness of
lightweight photovoltaic composite structure on stratospheric airships, the honeycomb core,
with further detailed descriptions. The nano-enhanced phase change materials (NePCMs)
are an encouraging solution for regulating the PV temperatures. A state-of-the-art review
of the thermal regulation of PV panels using NePCM has been provided by Maghrabie
et al. [124]. TiO,/SiO; film-based composite materials containing features of different sizes
(Figure 11) showed significantly better reflectivity in a short wavelength range than mate-
rial with similar-sized structures [125]. The most promising light-trapping architectures in
solar cells are the utilization of nanocones [126], nanowires [127] and nanoparticles [128].

Researchers conceived a composite of ceramic zirconium carbide and tungsten to
create robust heat exchangers for the conversion of solar heat to electricity. By creating
plates of the ceramic-metal composite, they were able to obtain better performance at higher
temperatures. Scientists have developed a new ceramic-metal composite that can be used to
harvest electricity from the Sun’s heat, paving the way for generating cheaper solar power
on cloudy days and at nighttime [129,130]. The innovation is an important step for putting
solar heat-to-electricity generation in direct cost competition with fossil fuels, researchers
said. “Storing solar energy as heat can already be cheaper than storing energy via batteries,
so the next step is reducing the cost of generating electricity from the Sun’s heat with the
added benefit of zero greenhouse gas emissions”, said Kenneth Sandhage, a professor at
Purdue University in the US. Concentrated solar power plants convert solar energy into
electricity by using mirrors or lenses to concentrate a lot of light onto a small area, which
generates heat that is transferred to a molten salt. The heat from the molten salt is then
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transferred to a “working” fluid, supercritical carbon dioxide, which expands and works
to spin a turbine for generating electricity. To make solar-powered electricity cheaper, the
turbine engine would need to generate even more electricity for the same amount of heat,
which means the engine needs to run hotter. The problem is that heat exchangers, which
transfer heat from the hot molten salt to the working fluid, are currently made of stainless
steel or nickel-based alloys that get too soft at the desired higher temperatures and at the
elevated pressure of supercritical carbon dioxide.

2um

Figure 11. SEM micrographs of the composite (a,c) nanorods and of (b,d) (Reprinted with permission
from Ref. [125]; copyright © 2022 Elsevier B.V. All rights reserved).

3.3. Fuel Cells

A fuel cell is one of the most viable solutions to the current energy crisis [131]. Fuel
cells can be applied in power generation and hybrid or electric vehicles. Due to the
environmental pollution problem, fuel cells are candidates for the dissemination of electric
drives. This energy source is also non-dependent over the environmental conditions. The
fuel cell consists of two electrodes, anode and cathode, and an electrolyte that fills the
space between them. In the case of a fuel cell for the production of electricity, hydrogen
must be supplied continuously to the anode and oxygen from the air to the cathode (as
opposed to a galvanic cell, where energy must be stored in advance) [132]. Currently, the
work of research centres is focused on the development of the following types of cells:
phosphoric acid fuel cells (PAFCs), alkaline fuel cells (AFCs), solid oxide fuel cells (SOFCs),
direct methanol fuel cells (DMFCs), proton exchange membrane fuel cells (PEMFCs) and
molten carbonate fuel cells (MCFCs). A comparison of properties and advantages and
disadvantages of individual types of cells are presented in Tables 1 and 2, respectively.
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Table 1. Properties of the fuel cells, prepared on the basis of [133].

Combined Heat

Fuel Cell Type Operating ] System Output, E'le.ctrlcalo and Power (CHP)
Temperature, °C kW Efficiency, % . .
Efficiency
AFC 90-100 10-100 60 >80
PAFC 150-200 50-1000 >40 >85
SOFC 600-1000 1-3000 3543 <90
MCEFC 600-700 1-1000 45-47 >80
PEM 50-100 1-250 53-58 70-90
DMEC 60-200 0.001-100 40 80
Table 2. Main advantages and disadvantages of selected fuel cells.
Fuel Cell Type Advantages Disadvantages
high energy density, less sensitive expensive catalyst, AFC is easily
to impurities of the fuel, can operate ~ poisoned by carbon dioxide, AFCs
AFC at atmospheric pressure at low exhibit problems with material
temperature, they are simple in durability issues, the electrolyte used
structure, they have low costs of the  is corrosive, they have high cost for
electrolyte and catalysis commercialized applications
expensive catalyst, the electrolyte
high efficiency in cogeneration, exhibits strong corrosive properties,
o when compared to other fuel cells of
phosphoric acid electrolyte can . . .
PAFC . . similar weight and volume, it
operate above the boiling point of
produces less power, at lower
water, PAFCs are CO,-tolerant . D,
temperatures phosphoric acid is a
poor ionic conductor
possible operation in cogeneration, o . .
SOFC there is no need for electrolyte long start-up time, the rela.t 1vgly high
. cost and complex fabrication
loss maintenance
possible operation in cogeneration, long start-up time, cell component
they are not prone to poisoning by degradation at high operating
MCEC CO or CO,, they are more resistant ~ temperature, the electrolyte exhibits
to impurities than other fuel strong corrosive properties, high cost,
cell types not suitable for portable applications
. if onboard hydrogen is used, it must
a quick start-up process, be stored as a compressed gas in
PEM light-weight packed system, . p 82
SO pressurized tanks; PEMs require an
flexibility in input fuel .
expensive catalyst
T the efficiency is low, so the DMFCs
DMFC carbon dioxide is a by-product, and are more suited for

it is released into the atmosphere

portable applications

The PEMEC systems involve the fuel cell stack and several supporting subsystems,
including cooling, cathode air supply, and anode hydrogen supply (Figure 12) [134,135].
Due to the operating temperature range, PEMFC can be divided into the following three
main categories [136]:
e Low-temperature PEMFCs (LT-PEMFCs), which operate at a temperature of about

50-80 °C [137];

Intermediate temperature (IT-PEMFC), which operates in the range of 80-120 °C [138,139];

High temperature (HT-PEMFC), which operate in the range between 140 °C and

200 °C [140,141], generally in anhydrous conditions [139,140].
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Figure 12. Schematic diagram of a PEMFC system for fuel cell vehicle (reproduced with permission
from Reference [142]; copyright © 2022 The Authors. Published by Elsevier Ltd.).

There is an exponential increase in large-scale power plants with more than 200 kW
capacity worldwide (Figure 13). Fuel cells are also used as distributed generators in hybrid
power plants to operate systems based on renewable energy.
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Figure 13. Global deployment of large-scale fuel cells, prepared on the basis of [143].

The solid oxide fuel cell (SOFC) is one of the types of fuel cells that has an oxide
electrolyte and requires a high operating temperature of 800 °C [144]. To date, several
types of oxide fuel cells have been developed. An interesting variant of the SOFC is the
single-layer fuel cell (SLFC). SOFC fuel cells are currently the subject of intensive research.
This is due to the high efficiency of conversion of chemical energy into electricity in this
type of cell and the low emission of carbon dioxide.

The problem associated with the operation of SOFC cells at a temperature of ap-
prox. 1000 °C is the possibility of chemical reactions between individual components of
the cell, and the resulting products of these reactions cause deterioration of the electro-
chemical properties of the cathode, electrolyte or anode, thus, lowering the efficiency of
the fuel cell [145,146]. Reducing the operating temperature of oxide fuel cells to approx.
600-800 °C is the main goal of the commercialisation of fuel cell technology [147]. In
most cases, composite dispersion electrolytes containing from 7 to 9% by weight of Al,O3
are characterized by about 6 + 13 times higher values of ionic conductivity at tempera-
tures of about 500 < 600 °C than the 8YSZ matrix [146]. Due to the barrier material of a
SOFC that transfers mechanical loads, the following types of SOFCs can be distinguished:
anode—supported cells (ASCs), electrolyte—supported cells (ESCs) and metal-supported
cells (MSCs).

Gradient ceramic electrolytes composed of composites (20EBC-20SDC) in the form of
two conductors of oxygen ions Big sEbp 29> (20EBC) and Ce( gSmg 20, (20SDC) are a way
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to improve the functioning of electrochemical devices. Gradient ceramic electrolyte is an
ionic conductor with a wider range of oxygen partial pressures than 20SDC [145].

Currently, operating oxide fuel cells used yttrium-stabilized zirconia as the electrolyte
nickel cermet is the most widely used anode material. Typically, this composite contains
40% to 60% nickel. One of the most popular electrolyte materials is doped oxides such as
samarium-doped ceria (SDC), gadolinium-doped ceria (GDC) and yttria-stabilized zirconia
(YSZ) [148]. Komorowska et al. [149] presented the method of fabrication of a composite
Ni-SDC fuel cell cathode reinforced by Ni foam. It was concluded that Ni-SDC cathode
casting on nickel foam increases its mechanical strength, facilitating the assembly of the
fuel cell.

Bipolar plates used in fuel cells should have a bending strength greater than 25 MPa
and be as thin as possible in order to minimize the volume. Moreover, they should have
a low weight. Due to the above requirements, bipolar plates are currently made, among
others, from graphite and polymer-carbon composites or organic polymers with metal
(i.e., stainless steel [150], copper [151], aluminium [152], titanium [153], nickel [154], bulk
amorphous alloys [155]).

Currently, the most promising and most intensively developed type of fuel cell is
the proton exchange membrane (PEM) cell, which provides an order of magnitude higher
power density than other fuel cells, excluding the very advanced alkaline fuel cells (AFCs),
developed for aerospace sector [156]. PEM cells can be powered by pure hydrogen or
reformed hydrocarbon fuel [157]. The power range produced by different types of fuel cells
is presented in Figure 14.

> PEMFC >
) SOFC >
> PaRC )
) DMEC ) ) AFC ) > McEc )

1 10 100 10° 104 i 10° 107
Power, W

Figure 14. Power generated by different fuel cells.

Sun et al. [140] presented a critical review of composite membranes for high-temperature
PEM fuel cells and clectrolysers. They discussed composite membranes based on perfluoro-
sulfonic acid (PFSA) with Nafion, polybenzimidazole (PBI) and sulfonated polyetherether-
ketone (SPEEK). Most studies on PEM fuel cells investigated proton
conductances [138,158] suitable for polymers and ceramic phases as well as liquid phases
(physisorbed, chemisorbed) [159] and interfaces (e.g., through space charge effects). At
the same time, investigations are conducted on the characteristics of the microstructure
of PEM fuel cells (phase boundaries, grain boundaries, bulk, internal surfaces) [160-162].
PEM fuel cells play an important role in the transition to a carbon dioxide-neutral economy,
including transportation [163]. Hala et al. [164] tested 13 commercially available typical
polymer—carbon composites (i.e., BMA5, BMA6, Mélange, Mélange 6, PPG 86, carbon
TF6, FR10, BPB-PP). The materials were characterised in terms of the following parame-
ters: water contact angle mechanical strength, through-plane conductivity, water uptake
hydrogen permeability, chemical stability and density. It was concluded that among the
commercial polymer-carbon composites tested, Eisenhuth Mélange 6 outperformed the
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other samples in terms of electrical conductivity and had satisfactory results in all other
categories. Polymer—carbon composites (PCCs) are promising materials for BP manufac-
turing [164]. They have a lower density than metallic plates, but they need to be thicker
because of their lower mechanical strength. PCCs are produced by moulding a molten
thermoset or thermoplastic polymer binder mixed with carbon-based fillers (i.e., natural
and synthetic graphite flakes, carbon nanotubes, graphene, expandable graphite, carbon
fibres) [165-167]. Mazzapioda et al. [168] developed Nafion composite membranes contain-
ing a non-stoichiometric calcium titanate perovskite (CaTiO3_s) as a filler for PEM fuel cell
devices. Improved performance in terms of delivered current and power was observed
when using Nafion with the addition of 5 wt.% of calcium titanate perovskite (CaTiOs_s)
in a direct methanol fuel cell operating at 110 °C. However, they noticed non-uniform
dispersion in the composite. In a previous work, Mazappoda et al. [169] used the calcium
titanate perovskite CaTiO3_5 as a water-retaining and reinforcing additive in low-moisture
Nafion membranes, obtaining improved protonic conductivity for a composite sample
with a low filler concentration. Rzeczkowski et al. [170] investigated the suitability of
graphite composite materials for use as bipolar plates. Polypropylene was compounded
with expanded graphite to form composites with different filler contents of 10-80 wt.%.
The tensile and flexural strength decreased with the introduction of expanded graphite
into polypropylene. At the same time, the surface tension of the composites increased with
the increase in the filler content. An overview of the properties of polymer composites filled
with carbon fillers for fuel cell applications is presented in the works of Antunes et al. [171]
and Planes et al. [172]. First-generation fillers, i.e., zirconium oxide ZrO,, titanium dioxide
TiO, and silica SiO; [173], are replaced by a second-generation of acid functionalised fillers
that have received growth due to mutual participation in proton transport. These materials
include ionic liquids [174], nanotubes and metal-organic frameworks [175]. Humelnicu
et al. [176] developed chitosan-sulfated titania composite membranes cross-linked using
pentasodium triphosphate, sulfuric acid and epoxy-terminated polydimethylsiloxane with
potential applications in fuel cells. The most promising membrane was achieved by using
sulfuric acid as a cross-linker. Cross-linker nature and hydration state of membranes
effect on the proton conductivity performance of membranes. Shang et al. [177] reviewed
electrospun composite anion exchange and proton-exchange membranes for fuel cells.
Zou et al. [178] constructed a microbial fuel cell using polypyrrole-coated carbon
nanotubes composite as an anode material as the biocatalyst. Multifaceted research
showed that the modified anode had better electrochemical performance than that of
plain carbon paper. Cui et al. [179] summarised molten carbonate-based direct carbon
fuel cells as follows: CO32~ + mixed ionic—electronic conductors (MIEC), MC-DCFC and
CO3%~ + SOFC and analysed possible reactions related to carbonate (Figure 15). The
authors conclude that while many cell designs have been developed to provide better
continuous power generation, the fluidised bed cell can provide a more convenient feeding
mode. Commercialisation of DCFCs is related to designing different cell configurations.
In hydrogen technologies, hydrogen is stored in pressurized tanks or in liquefied form.
Due to their size, hydrogen molecules tend to penetrate most materials, especially under
increased pressure. The following tanks are used to store compressed hydrogen:

Tanks made of steel or aluminium alloys, withstanding a pressure of 175-200 bar;
Aluminium tanks reinforced with glass, aramid or carbon fibres, withstanding pres-
sures above 250 bar;

e High-pressure cylinders made of fibreglass/aramid or CFRPs with metal insert, with-
standing maximum pressures up to 438 bar;

e  High-pressure cylinders made of typical polymer-coated carbon fibres withstanding
pressures above 660 bar.
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Figure 15. Schematic of a DCFC in the presence of carbonate, including cell systems CO32~ + SOFC,
CO52~ + MIEC and MC-DCFC, and some possible reactions (reproduced from Ref. [179]; copyright ©
2021 The Authors, this is an open access article distributed under the terms of the Creative Commons
CC BY license, which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited).

3.4. Biogas Generators

Biogas is produced in the process of methane fermentation of biomass. Chemically, it
is a mixture of mainly methane, carbon monoxide, hydrogen sulfide and water in the form
of steam. The concentrations of these gases vary depending on the type of substrates of the
fermentation process, which affect the chemical composition of the biogas. Biogas (which
is a mixture of 45-74% CHy, mainly with 25-45% CQO,) is considered a renewable energy
source that is becoming a highly effective alternative to fossil fuels [180-182].

Biogas can be divided according to the method of obtaining, e.g., landfill gas, obtained
as a result of fermentation of waste in landfills, and sewage sludge gas, produced as a result
of anaerobic fermentation of sewage sludge. Agricultural biogas is also isolated, which is
obtained in the process of anaerobic fermentation of biomass from energy crops, residues
from plant production and animal manure or from waste in slaughterhouses, breweries and
other food industries. In Europe, most biogas produced in anaerobic digesters produces
electricity, heat or both in cogeneration (CHP). Biogas is also a semi-finished product for
the production of biomethane to drive vehicles and generating stations [180].

The high cost of the dome digester is attributed to the material of construction,
resulting in the need for lower-cost materials due to affordability and the search for
new cheaper materials. Many authors have carried out an economic analysis of biogas
digesters [183-185]. Obileke et al. [183] proposed a dome digester constructed from a com-
posite material consisting of high-density polyethylene (HDPE), bricks and cement. The
study recommends the use of composite material for the construction of biogas plants be-
cause it is cost-effective and durable. In developing countries, the main models commonly
used are composite material digesters and bag digesters [186].

Bag-digesters have a sealed tubular structure made of soft plastic. The long cylinder
is usually made of rubber, polyethylene and polyvinyl chloride (PVC) [187]. Composite
digesters are a relatively new solution used in China. This type of fibre-reinforced plastic
digester can be produced by filament winding, sheet moulding and resin transfer moulding
processes. Composite tanks have many advantages in the form of high durability, high
efficiency and the ability to verify and repair tightness from the installation. The tank will
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not break, crack or leak gas even under unfavourable conditions such as a weak foundation
and ground settlement [188].

In recent years, alternative construction materials have also been introduced, such as
polyvinyl chloride, which provides low cost for the construction of the inlet and outlet and
the digester despite the short life span [187]. Tanks made of GFRPs have a longer life, lower
thermal conductivity coefficient and lower maintenance costs than concrete models [189].
Cheng et al. [190] showed that several innovative construction types have been produced,
which are commercially classified as GRFP, hard plastic and soft plastic digesters. Two main
streams of refabricated biogas digesters are represented by bagdigesters and composite
material digesters (CMDs) [191].

Mysior et al. [180] conducted experimental studies of raw bio-gas compression in
terms of the biogas volume that can be stored in a cylinder at a pressure of 20 Mpa
and compared the results with numerical models. The authors have shown that raw
biogas supplied directly from the fermenter can be successfully compressed and stored in
composite cylinders at a pressure of up to 20 Mpa. Cu et al. [192] found that 23% of biogas
digesters in Vietnam are cylindrical digesters made of bricks, plastic composite or other
materials. These simple biogas digesters are buried underground to achieve a more stable
internal temperature.

Pham et al. [193] buried four composite biogas digesters (7 m3) that were tested for
leaks by pumping water into them and monitoring the water level for a week. Taking into
account the climatic conditions, the use of composite chambers increased the temperature
in the fermentation chamber and thus increased the production of biogas. Inorganic,
polymeric and composite materials-based membranes have been extensively investigated
for raw biogas upgrading [194]. Comesafia-Gandara et al. [195] presented recent trends
and advances in biogas upgrading and methanotrophs-based valorization.

Biogas reactors tank installed in the open air must be resistant to biogas and acids
contained in biogas (H;S). Therefore, the construction of reactor tanks must be made of
materials resistant to acids and ultraviolet (UV) rays. To minimize funding for the con-
struction of pressure-resistant tanks, facilitate mobilization, prevent acid and UV damage,
Mamat et al. [196] proposed reactors were built with composite materials consisting of
157BQTN-EX composite material reinforced with C-Glass woven roving and ceramic fibres.

Tecniplas has produced the world’s first scrubber with a total capacity of 35,000 m3
made of composites [197]. The task of the scrubber is to remove impurities from the biogas,
which consists mainly of methane from the decomposition of waste. After processing, the
gas is suitable for combustion and environmentally friendly energy production.

Kapoor et al. [198] provided an in-depth analysis and recent developments of various
biogas valorization methods. Heterogeneous catalytic hydrogenation of gaseous CO, into
methanol using electrical energy is beneficial for the conversion of CO, into biofuels [199].
Carbonaceous materials like composites of carbon nanotubes and activated carbon have
many advantages (good thermal conductivity, cheaper manufacturing, specific high surface
area and large pore volume) and can be used as great catalyst supports [200,201].

4. Summary and Conclusions

Some polymer-based composites are inherently active and functional, but others
require modification to improve their impact and functionality. The surfaces of natural
or synthetic polymers can be functionalised by being modified by reactive functional
groups [13]. Active/bioactive polymers or oligomers can be grafted onto the surface,
thus offering new desirable properties [202,203]. Conducting polymers (CPs) are organic
polymers that can conduct electricity and can also be used as semiconductors in energy pro-
duction applications (solar cells, batteries, supercapacitors and fuel cells) [204]. Conducting
polymers are generally divided into the following three main groups: intrinsically conduct-
ing polymers [204], ion-conducting polymers [18] and conductive polymer composites [15].
CPs have a high specific capacity and faster kinetics than most inorganic batteries. CPs
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have been mainly used for energy storage applications due to their well-known advantages,
such as high flexibility, low cost, good stability and excellent processability.

In recent years, there has been significant progress in the generation, processing and
storage of energy, such as fuel and solar cells, photovoltaic cells, supercapacitors, batteries,
etc. The emergence of new composite and nanostructured materials has resulted in a
significant contribution to improving the development of wind and solar energy [205]. The
essence of using nanostructured materials (i.e., platinum, gold, ruthenium, zirconium) in
the power industry results from their unique properties, such as high strength-to-weight
ratio, high thermal conductivity, good electrical conductivity, ability to withstand extreme
temperatures and good insulation. Moreover, thanks to the presence of nanostructured
material, the efficiency of energy conversion in photovoltaic cells can be increased.

Structured composites offer great potential in a variety of applications, such as inte-
grated switches and strain energy-harvesting devices. PZT-polymer composites fill the gap
between piezoelectric polymers and piezoelectric ceramics [206].

Polymer composites have good tensile and flexural strength as well as high dimen-
sional stability, are chemically resistant and cheap [207,208]. Bistable morphing composites
have gained significant attention as new innovative composite structures due to their
unique mechanical properties and high space utilization in energy-harvesting applica-
tions [209,210]. Elsheikh [207] presented a review on bistable morphing composites for
energy-harvesting applications. In recent years, there has been a lot of interest in collecting
dispersed energy and converting it into electricity. Mechanical vibrations generated in air-
craft components [211], machines [212], car suspension systems [213] and electromagnetic
radiofrequency [214] are suitable for low-power electronic devices. Betts et al. [215] investi-
gated the power generation characteristics and dynamic response of a bistable asymmetric
laminate made of CFRP using the snap-through property of generating electricity via an
attached piezoelectric element.

The main factor that influences the dynamic development of composite materials of
increasingly better quality is the desire to produce materials with high stiffness, durability,
corrosion resistance and environmentally friendly while reducing their operating costs.
Thanks to the reduction of the weight of composite materials in relation to traditional
solutions, a significant reduction in carbon dioxide emissions in production and operation
is achieved [216].

In the last few years, there has been a renewed interest in composites based on natural
materials. Many factors have contributed to this trend, including increased environmental
and health concerns, more sustainable production methods, and reduced energy use [217].
Among the petrochemical thermoplastic biodegradable polymers, the most important are
copolyesters and aliphatic polyesters, including polycaprolactone (PCL), poly(butylene
succinate) (PBS), poly(butylene succinate-co-adipate) (PBSA) [218]. Fully biodegrad-
able polymers are completely converted by microorganisms into carbon dioxide, water
and humus.

Interest in composite materials results from the fact that they represent mechanical and
strength parameters better than metallic materials, and at the same time, their low weight
extends their use in structures where the weight of the structure is of primary importance.
Laminates are characterized by very high tensile and compressive strength, up to three
times higher than steel, and a long period of their safe operation. Another major advantage
of composite materials is the lack of corrosion effect on their physical and mechanical
properties. The mechanical and physical properties of composites produced for specific
applications depending on the design and technological process used for manufacturing
and the microstructure of the composite components. Currently, research is focused on
further reducing the weight of composites without losing their mechanical properties,
including fatigue strength. In addition to the structural use of composites, there is also a
gradual use of composite materials in the form of tapes to repair existing structures and
as reinforcements that reduce the degree of effort of elements. The main problem that
limits their widespread use in the future is the low recycling rate resulting from the use of
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polymer materials. Large amounts of carbon fibres and composites used generate a large
amount of post-production waste, and only a small part of it is recycled. A key driver in
wind energy devices is longer blades, not only onshore but especially offshore, where they
are approaching 100 m lengths. This bodes well for the use of carbon fibres in rotor blade
shells, especially those made with low-cost production methods such as pultrusion [219].

The largest share of composite waste comes from the production of wind turbines. The
main trend within composites innovation for wind power generation is aimed at blades
for keeping their strength while making them lighter [219]. About 2/3 of all carbon fibre
waste is waste from production, and only 1/3 is fiber from used parts [220]. Self-renewing,
erosion resistant, and anti-icing materials for composite structures are promising solutions.

Recycling of large-size composite elements, e.g., the wind turbine blades, consists of
their further processing for use in gratings and sewage covers, hydrants and parking posts.
Chemical depolymerization of polymer-based composites and removal of the matrix, and
release of fibres for recycling is difficult. In addition, the mechanical, chemical or thermal
recycling processes used are energy intensive. Thus, the recycling of composite materials
should contribute to the sustainable development of industrial processes.

New possibilities and technologies are constantly being sought, the new solution of
which may be sustainable composites modified with natural fillers, e.g., derived from
seeds (cotton), stems (jute, flax, hemp), leaves (avana, sisal), fruits (palm, kapok), wood
(coniferous and deciduous) and grasses (bamboo), as well as biocomposites with synthetic
fibres. To meet the definition of biodegradability, biocomposites must be biodegradable or
derived from renewable sources. Composites with basalt fibres (70-80% of the composite
content) play a promising role in recent years. Basalt fibre is a natural product formed as a
result of melting solidified volcanic lava. Basal fibre-based composites are pro-ecological
products that are easily and fully recyclable.

The potential of piezoelectric materials ensuring zero carbon dioxide emissions and
greater functionality of obtaining energy from undesirable sources of mechanical vibrations
is to reduce the use of fossil fuels. In this regard, it is estimated that piezoelectric materials
will become the most important functional materials in the coming years [221]. In order
to popularize piezoelectric energy harvesting devices based on polymers, it is necessary
to reduce the costs of their production and improve the energy efficiency of the relevant
devices. The 3D piezoelectric composite inspired by the unique microstructure of sea
sponges in nature shows great potential for dissemination [222].

In the development of sustainable power engineering, bioinspired piezoelectric com-
posite generators based on a three-dimensional electroceramic skeleton exhibit highly
enhanced mechanical properties and improved energy harvesting efficiency compared
to particle-based composites. They also provide 30 times higher efficiency of energy har-
vesting under stretching conditions compared to traditional flexible piezoelectric energy
harvesters [222].
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