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PREFACE
The ages of human civilization are conventionally defined by our advances in the development of materials and energy.
Looking into the future, new generations of advanced materials will catalyse further progress, including the many opportunities for significantly increasing the proportion of renewable energy in our energy mix. Nevertheless, for deployment of new
materials to be successful, various challenges and barriers must be overcome. These include reductions in performance and
reliability over long periods of time, mainly due to materials degradation in challenging environments. Predictive modelling
tools, linking accelerated laboratory testing, field performance data and sensors, can be used to increase the utilization of new
materials in renewable energy generation. This position paper highlights some of the relevant materials developments and an
approach to integrate knowledge for effective use of these materials in renewable energy systems.
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Trade-offs between availability, cost and performance may be
made, but in all cases long-term reliability is a key requirement
for materials used in the energy industry.
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INTRODUCTION
This paper is concerned with the development
of materials in renewable energy generation and
storage, highlighting reasonable possibilities in
the future, barriers to successful deployment, and
mitigation approaches.
The net incident solar power density at the earth’s
surface is approximately 240 W/m2.1 This energy
is the source of nearly all renewable energy and, if
considered over geological time frames, for most of
the world’s fossil energy as well. In comparison, the
total energy generated worldwide in 2012 is about
0.01% of the received solar energy on Earth;2 only
19% of our total energy consumption during 2013
was renewable.3
THE NEED FOR ADVANCED MATERIALS
Materials developments are crucial for tapping a
greater proportion of the vast bounty of the sun’s
energy. Large-scale use of wind and solar energy is
impossible without concomitant developments in
high-efficiency and low-cost photovoltaic materials,
strong and lightweight composites, highly efficient
magnetic materials, and coatings that are resistant
to wear and corrosion, etc. Furthermore, the intermittent nature of many renewable energy sources
requires the development of large-scale energy
storage devices – an important role in smart grid or
microgrid concepts, which, in turn, need their own
materials innovations to minimize battery degradation due to a combination of charge/discharge cycles
and calendar ageing.

RELIABILITY
To be commercially viable, novel materials should
not only offer a cheaper and/or better alternative to
existing materials, but they must also be readily available and reliable over long periods of time. Tradeoffs between availability, cost, and performance
may be made, but in all cases long-term reliability is
a key requirement for materials used in the energy
industry. Reliability is mostly governed by degradation of materials. Thus, this position paper focuses on
issues of degradation of new materials in different
renewable energy systems, and briefly discusses the
challenges in long-term performance modelling in
service conditions and accelerated testing of these
systems.
INTEGRATED MODELLING AND TESTING
In order to extrapolate from accelerated tests to
long-term service life of new applications and environment, empirical models must be coupled to a fundamental understanding of degradation. Meanwhile,
the increasing use of sensors will provide a data-rich
environment for optimal use of renewable energy
sources. However, sensor data must be transformed
into predictive models. A Bayesian network approach
has been successfully used to bring together diverse
sources of knowledge in managing oil and gas
pipeline risk.4 This approach could also be applied to
renewable energy and energy storage systems.
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SOLAR ENERGY

SOLAR ENERGY
Solar power technologies are developing along a
path where they will generate electricity at a comparable or lower cost than traditional grid supply,
either from direct conversion of solar irradiation in
photovoltaic (PV) systems or in solar thermal systems
in which there is intermediate conversion of solar
irradiation to thermal energy before conversion to
electricity. In addition, several research groups are
working on conversion of solar energy into fuels or
chemicals using photoelectrochemical processes,
but this research is in a nascent state.
PHOTOVOLTAIC MATERIALS
In principle, a huge variety of semiconducting materials
could be used as functional layers in PV devices. These

materials should meet a number of basic requirements
for scaled-up industrial production5:
1. abundance
2. non-toxicity
3. stability
4. manufacturability
After the 1st generation of traditional crystalline
silicon wafers and the 2nd generation of thin-film
technology, the appealing features of a few 3rd
generation solution-processable PV materials have
attracted attention worldwide, e.g. dye-sensitized
solar cells (DSC), organic photovoltaic (OPV), copperzinc-tin-sulphide selenide (CZTS or “kesterite”), halide
perovskite, nanostructured semiconductors, quantum
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Figure 1. Single-junction cell efficiencies of three generations of PV solar cells and emerging technologies (CZTS,
perovskite) published by NREL6 and Jung et al.7 Peak efficiency of each technology is given in parentheses. Efficiencies as
high as 40% have been reported for multi-junction solar cells.
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Figure 2. (Left) Projected convergence of the cost of electricity produced by PV and conventional grid prices.8 A crossover,
“grid parity”, is expected sometime before 2020. (Right) Component costs of utility-scale solar PV plants built since 2010
and U.S. Department of Energy SunShot Initiative target for 2020.9 (Both charts redrawn from the sources cited.)
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Figure 3. (Left) Halide perovskite holds considerable promise for flexible and low-temperature processed solar films at an
attractive cost. Source: Rob Lavinsky, iRocks.com – CC-BY-SA-3.0
(Right) Halide perovskite (formula ABX3) crystal structure.10 The large organic cation A is usually CH3NH3+ or CH3CH2NH3+,
the small metal cation B is lead and the halogen anion, X, is usually iodide. (Figure redrawn from Green et al, 201410)

dot concepts, etc. Many of these innovations are not
yet ready for large-scale solar applications. Quantum
dots and nanostructured semiconductors, for instance, still await a breakthrough. Owing to the abundance of the elements, halide perovskite and CZTS
could pave the way towards flexible and low-temperature processed solar films at an attractive cost.
Silicon has proven its field stability and dominates the
solar power market. The growth of PV technologies
will continue to reduce their cost as shown in Figure 2.
At present, PV systems are generally more expensive than conventionally generated electricity when
compared on a levelized cost of energy basis (LCOE,
i.e., the cost someone would pay to hook up to
power over the expected lifetime). Nevertheless, the
cost of PV systems has decreased dramatically, and in
some regions of world they are already competitive
relative to conventional sources. For example, the U.S.
Department of Energy (DOE) SunShot Initiative aims
to decrease the total costs of PV systems significantly,
which means an unsubsidized utility-scale PV system
cost of $1/W and a LCOE at $0.06/kWh by 2020. Opportunities exist for advanced materials and technologies that promise superior efficiencies (about 20%)
and significantly lower processing costs (module cost
below $0.50/W).

Perovskite solar cells
Perovskite solar cells are also called hybrid solar cells
since they are based on the organic-inorganic halide
perovskite structure. The physical properties can be
controlled by manipulating the components and
thereby the distortion of the crystal structure.
Advantages
1. Low materials cost and relative ease of fabrication.
Solution-processable raw materials from abundant
ingredients can be made into homogeneous thin
films at low temperature (around 100 °C,11 or even
at room temperature12) without vacuum processing. In comparison, silicon requires high-temperature vacuum processing and significant materials
wastage.
2. Attractive efficiency and outstanding photoelectric
process. Maximum efficiencies have grown from
3.8% to 20.1% within 5 years (as shown in Figure
1), and are predicted to be close to 30% or slightly
higher.13, 14
3. Ability to form “tandem” cells with silicon solar
cells. Perovskites are good at absorbing the blue
and ultraviolet photons of sunlight that silicon fails
to capture. Integrating a perovskite layer on top
of a silicon or thin-film layer could surpass 30%
efficiency without any significant change in either
technology.11, 15
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Figure 5. 1 cm2 monolithic perovskite-silicon tandem solar cell. Photo by Rongrong Cheacharoen, McGehee group,
Stanford University.

4. Flexible and colourful perovskite solar cells. These
are fairly suitable for future wearable devices and
the structures of windows, roofs and walls.
Disadvantages
1. Chemical and thermal instability is likely to impact
the commercial viability of perovskite solar cells.
Owing to their solubility, halide perovskites are
vulnerable to moisture or polar solvents. Because
of weak metal-halogen bonds, degradation of
perovskite under photon absorption and at elevated temperatures has also been reported.18, 19
2. Toxicity of the key element, Pb, in highly efficient
perovskite solar cells is a major impediment to
large-scale fabrication, deployment, and disposal.
Lead halide perovskite can either be permanently
encapsulated for safety, and effectively disposed
of as acid-lead battery, or eliminated by developing non-toxic “perovskite”-like semiconductors.
3. High-efficiency perovskite solar cells developed to
date as research prototypes have been small, just
a few centimetres length per side. Cells with larger
perovskite thin film are required, with an easily
scaled-up fabrication process.

Figure 4. (Top) A flexible perovskite solar cell.17
Image courtesy of Henk Bolink, reprint permission
from Royal Society of Chemistry.
(Bottom) Colourful perovskite solar cells prepared
in laboratory. Photo by Dennis Schroeder, NREL.
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Figure 6. Self-cleaning hydrophobic coating (SCHN107™) layer prevents dust build-up, water stain, and weathering.
Photo courtesy of Integricote, Inc.

Coatings for PV modules
During field operations, the power output of PV
modules is frequently limited by the amount of
solar radiation reaching the PV modules. The high
reflectivity of PV modules and the accumulation of
light-blocking substances on their surfaces reduce
cell performance and increase maintenance costs. A
17−65% performance drop caused by dust deposition has been reported following months of field exposure in the Middle East.20 In cold climate regions,
snow and ice accumulation on solar panels can
decrease efficiency or even block energy production.
A superhydrophobic and self-cleaning coating has
been proposed to prevent dust and ice accumulation
on solar modules.22 Compared with the currently
used active methods, e.g., mechanical scraping,
thermal treatment, and de-icing fluid, this passive approach is less energy intensive, cheaper to operate,
and more environmentally friendly. The concept of
super-hydrophobic and self-cleaning surfaces was
inspired by micrometre-scale or nanometre- scale
features of natural surface structures, such as lotus
leaves and butterfly wings.23, 24

Advantages
1. Excellent resistance to ice settlement and reduction of ice adhesion strength. This makes ice/snow
removal a less energy-intensive process.
2. Self-cleaning ability. Water droplets are unstable
on superhydrophobic surfaces and tend to roll
rather than slide.23 This facilitates the collection
and removal of dust particles, as shown in Figure
7. However, this function may be limited in desert
conditions due to water scarcity.
3. Intrinsic anti-reflective capabilities over smooth
hydrophobic surface. The transparency and
anti-reflective effect can be optimized to ensure
maximum light transmission by tuning the scale of
surface roughness.22
Disadvantages
The strength and durability of superhydrophobic
coatings are the only substantial challenges. The
fragile roughness structure can be irreversibly damaged, inevitably leading to a gradual loss in superhydrophobicity and self-cleaning attributes.
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The high reﬂectivity of PV modules and the
accumulation of light-blocking substances on their
surfaces reduce cell performance and increase
maintenance costs.

Figure 7. Solar panel cleaning in California. Photo courtesy of www.RedRockWindows.com.
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Figure 8. Image of damaged PV panel from DNV GL’s PV panel testing group in California.
Image courtesy of Jenya Meydbray.

DEGRADATION OF PV MODULES
PV system performance depends on the type of PV
materials, the system components, and the environmental and meteorological conditions at the site of
operation. However, PV modules also experience
continuous degradation due to ageing of materials
under environmental stresses. As well as the chemical stability of the semiconductor materials and
structure, diffusion of elements and defect or second
phase formation under all operating conditions
have an irreversible impact on the performance of a
PV system over time, leading to premature failure.5,
25
Temperature, humidity, and UV radiation are the
primary environmental stresses causing degradation
of PV modules.
1. Temperature & thermal degradation
It is important to note that due to infrared radiation
the normal operating temperature of a PV module is
always higher than the ambient temperature. A rise
in temperature results in a reduction in overall power
output and efficiency, and induces thermal degradation of both cell materials and packaging materials.
Thermal cycles during the day and night have an
even worse effect, accelerating materials degradation by introducing thermal-mechanic fatigue and
thermal expansion mismatch of different packaging
materials. Mitigation methods include water trickling
and effective ventilation to reduce operating temperature.26
2. Humidity & corrosion
Moisture penetration through the laminated edges
or the back sheet of a PV module is another driving

force of many degradation mechanisms. Water
ingress decreases active area, causes corrosion of
metallic connectors, and increases leakage current.
Moisture can also diminish the adhesion strength
of bonds between various component layers. It has
been suggested that thin-film PV modules are more
prone to water penetration.25 Mitigation measures
include the use of better edge sealants and low ionic
conductive encapsulant.
3. Irradiation induced degradation
Ironically, PV materials are themselves prone to damage by strong irradiation, usually related to high-energy photons. Most silicon PV panels experience a
performance loss of between 0.5% and 5% when first
exposed to light. Continuous long-term solar exposure can also result in degradation of PV materials
and other components. Amorphous silicon thin-film
modules suffer maximum degradation from light,
and this can lead to a reduction in cell efficiency of
as much as 50% after a period of months.8 Organic
solar cells and polymeric encapsulants/adhesives/
backsheet are also prone to photodegradation, and
therefore require the use of a UV barrier for encapsulation.
4. Mechanical shock
PV solar cells are fabricated on glass substrate and
assembled in metal frames. Breaking and cracking
of cells normally occurs during PV system transportation, installation, and maintenance, resulting in a
subsequent increase in the risks of moisture infiltration and reduced performance.
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Figure 9. Aerial view of one of three 140-metre towers of Ivanpah Solar Electric Generating System in the Californian
Mojave Desert. It is currently the world’s largest solar thermal power station. Image courtesy of BrightSource Energy, Inc.

SOLAR THERMAL ENERGY
Concentrating Solar Power (CSP) or solar thermal systems use mirrors to collect and concentrate sunlight
onto a receiver. The solar irradiation is converted into
thermal energy of the working fluid, which can then
be used to drive conventional steam generators. In
contrast to solar PV and wind power, CSP systems enable uniform power capacity on demand and stable
grid power delivery by integration of thermal energy
storage or backup fuel for steam generation. By
using similar types of generators, CSP systems can
also be hybridized with conventional thermal power
plants and other alternative energy systems. CSP systems therefore play an important role in renewable
energy generation.
Depending on the operating temperature of a solar
receiver, there are two categories of four CSP technologies used in electrical power generation:

1. Low and medium temperature (100 − 400 oC):
Parabolic Trough Collector (PTC), Linear Fresnel
Collector (LFC)
2. Medium and high temperature (400 − 1000 oC):
Central Receiver System (CRS, or Power Tower),
Stirling/Dish Collector (SDC).
Parabolic trough collector (PTC) technology is currently the most commercially proven, low-cost, and
large-scale CSP technology. However, the levelized
cost of energy (LCOE) of CSP is still high relative to
traditional thermal power plants and some other alternative energy technologies.27, 28 In order to obtain
higher power conversion efficiency, the temperature
of the heat transfer fluid (HTF) needs to be at least
700 oC. For this reason, the central receiver system
(CRS) is one of the most promising CSP technologies
to achieve much higher operating temperature and
thermodynamic efficiencies.
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Figure 10. Schematic diagram of operation of a solar power tower plant. Illustration by Alfred Hicks, reproduced by
permission of NREL.

As shown in Figure 10, a typical power tower system
(CRS) consists of a heliostat field to track the sun and
focus the sunlight, a solar receiver on top of a tower,
and the power conversion system. A heat transfer fluid (HTF) such as water/steam, synthetic oil, or molten
salt is heated up to 1000 oC in the solar receiver and
transports the heat to ground level where it is used
to power a conventional steam turbine to generate
electricity. Excess thermal energy collected in the
HTF can be stored in large insulated tanks, allowing
operation of the steam turbine during the night or
on cloudy days. In a CSP system, all the components
must be compatible with high temperature operation. The solar receiver and the thermal energy
storage system are the two core components.

Solar receiver
The solar receiver is the heat exchanger where solar
radiation is absorbed and transformed into thermal
energy. As well as possessing thermal conductivity
and stability during repetitive high temperature cycles in air, the surfaces of receivers need to have high
absorptivity in the solar spectrum and low emissivity
in the infrared spectrum in order to minimize heat
loss.29 The solar selective coatings on the receiver
also play an important role in raising the temperature
of the HTF to over 700 oC. A commercially available black paint, Pyromark 2500®, has been used as
standard receiver coating to operate at about 600 oC.
However, it suffers from oxidation and microstructural changes at temperatures above 700 oC.30 These
changes cause large thermal loss and deteriorate the
overall solar selectivity of the coating.
A highly efficient light absorbing coating that is durable when exposed to high temperatures has been
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Solar receiver at the top of tower, Ivanpah Solar Electric Generating System. Image courtesy of BrightSource Energy, Inc.
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Figure 11. (a) Schematic diagram of Co3O4 light-absorbing coating structure, and (b) photographs of a sandblasted
Inconel-625 substrate and a Co3O4 coated sample.27 (Figure redrawn from source cited.)

developed for CSP receivers. It consists of cobalt oxide nanoparticles dispersed in a silica matrix and can
be deposited on metal substrates via a simple and
scalable spray coating process.27 A novel and simple
surface-texturing technique can be used to improve

its light absorption. Thermal efficiency of over 88%
has been measured using this coating. Furthermore,
the new coating exhibits unprecedented durability at
high temperatures, showing no degradation in structural or optical properties after 1000 h at 750 oC in air.
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Molten salts are regarded as the ideal phase change
material for use in Concentrated Solar Power because of
theirn excellent thermal stability, low vapour pressures,
low viscosities, non-ﬂammability, and non-toxicity.

Figure 12. Molten salt storage tanks under construction at Abengoa’s Solana Plant, Arizona.
Photo by Dennis Schroeder, NREL.

Thermal energy storage (TES)
By using thermal energy storage (TES), the mismatch
between solar energy supply and electricity demand
can be reduced, thereby significantly expanding the
value and usage of solar energy. Thermal energy can
be stored as sensible heat, latent heat, or using a
chemical-based storage method (listed in ascending
order of storage capacity). TES media require high
thermal storage density, excellent heat transfer, and
good long-term durability. The material must not degrade after thousands of thermal cycles and it cannot
decompose upon heating.
Molten salts are regarded as the ideal phase change
material (PCM) for use in CSP because of their
excellent thermal stability, low vapour pressures, low
viscosities, non-flammability, and non-toxicity. Molten
salts currently used for energy storage include nitrates, chlorides, fluorides, and carbonates.
A eutectic mixture of nitrate and nitrite has advantages of little chemical reactivity, low corrosiveness,

and lower cost, and is therefore suitable as a heat
transfer and thermal storage material in solar thermal
power plants.31, 32 Chemical heat storage has not yet
developed sufficiently for commercialization, but current research suggests that it could be a favourable
option when appropriate reactions, such as hydrogenation reactions of metal hydrides, as selected.33, 34
However, most TES materials have relatively low
thermal conductivities, jeopardizing the charging/
discharging processes for heat transfer. Heat transfer in a TES material can be increased by adding
high thermal conductivity substances, such as porous metals (Ag, Al, Cu), metal oxides (Al2O3, CuO,
MgO, ZnO, and TiO2), and carbon-based nanomaterials (graphite sheets/composites, carbon nanotubes).35-37 Microencapsulation is another method to
enhance thermal conductivity, increase heat transfer
rate, and reduce PCM interaction with the outside
environment.

Renewable Energy 17
WIND ENERGY

SALT USED

CONTAINER MATERIAL

OPERATING TEMPERATURES

KNO3; KNO3/KCI; NaNO3

AISI 1051 (PCM) AISI K01200 (Tank)

Tmin=270˚C; Tmax=350˚C

KNO3/NaNO3/Ca(NO3)2
binary and ternary mix

304 and 316SS and A36 carbon steel

570˚C for SS; 316˚C for C steel

KNO3/NaNO3/Ca(NO3)2

316SS

450˚C and 500˚C

MgCl2/KCI

316SS and high nickel alloys

850˚C and 100h

Fluoride salt eutectics

Inconel 617

727˚C for 20,000 to 30,000h

Table 1. Common receiver materials and molten salts.36

DEGRADATION IN MOLTEN SALT
CSP operation at higher temperatures often leads to
tremendous technical challenges. Higher temperatures promote materials degradation, decreasing
the lifecycle of the system and altering thermal
performance. Eutectic alkali nitrate mixtures are HTF
that are already widely used and have their limited
operating temperatures at about 500 oC.36 For work
temperatures of above 700 oC, there are two salt
candidates: LiF-NaF-KF (FLiNaK) and KCl-MgCl2. Of
these, FLiNaK has the best heat transfer characteristics but is expensive, whereas KCl-MgCl2 is a relatively cheap salt, costing only 60% that of nitrate salts.38
Unfortunately both fluoride and chloride are very
corrosive species.
The receiver wall panel tubes and the TES vessels
that contain corrosive molten salt mixtures are usually made of stainless steel and nickel-based alloys.
When exposed to the cheapest NaCl molten salt, the
corrosion resistance of stainless steel deteriorates

owing to the dissolution of chromium and accelerated corrosion along grain boundaries.39 In contrast,
thicker corrosion layers are formed on the surfaces
of nickel-based and iron-based alloys; these provide
a protective layer and thereby improve corrosion
resistance. The corrosion process also introduces
impurities into the molten salt, altering its physical
properties, such as decreasing melting points and
heats of fusion under severe corrosion conditions.31
Repeated thermal cycling may result in stress
corrosion cracking, and the interaction of corrosion-creep-fatigue has the potential to affect the
performance of these alloys in the molten salt.
Neither creep nor fatigue at high temperature is fully
understood as yet. In order to minimize long-term
risks by identifying controlling factors and failure
mechanisms, further fundamental studies on these
complex phenomena are necessary.
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WIND ENERGY
Wind as a renewable energy source is one of the
fastest-growing renewable energy fields globally.
Significant technological advancements in design,
materials selection, and strategic locating of wind
turbines over the last 15 years have made wind
power a promising, cost-effective renewable energy
substitute for traditional thermal power. Estimates
are that demand for electric power from wind turbines will increase considerably during the next few
decades, placing greater requirements on the longterm reliability, safety, and operational performance
of wind turbine structures.
HORIZONTAL-AXIS WIND TURBINES (HAWT)
Horizontal-axis wind turbines are the most common
type installed at both onshore and offshore locations.
Wear, fatigue, and aerodynamic imbalance of components mean that the expected service life of these
wind turbines fluctuates between 15 and 40 years,
assuming proper operation and maintenance. The
environments to which these structures are exposed

also play a very important role in the durability of
wind turbines.41, 42
Offshore wind turbines have become more popular
in the last few years. The advantages of offshore
wind farms include: higher and steadier winds, sites
located away from communities, and the ability to
install larger wind turbines. Although installation,
operation, and maintenance are costly there is substantial research and interest in the advancement
of offshore wind turbine technologies, particularly
the substitution of families of small wind turbines
by a single, larger, more efficient and reliable wind
turbine. Offshore wind turbines are presently fixed
to platforms on the seabed at depths of between
25 m and 60 m. Various base designs are available,
such as monopile, gravity and space frame foundation.43 Generally, the fixed platform structures are
made of steel and covered with a corrosion-resistant coating.
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Figure 13. In the DOE’s Wind Vision of the U.S.,40 study scenarios
compare contributions from land-based and offshore technology by
2020, 2030, and 2050. (Redrawn from the source cited.)

CURRENT SOLUTION

Erosion:
Solid particle impact, rain, and/or insect collisions
into the blades may decrease aerodynamic performance.

Polyurethane elastomer tape/coating is applied to
the leading edge of the blade. Service life is uncertain47 and frequent reapplication is necessary.

Icing:
Ice accumulation on the blades causes aerodynamic
imbalance, overloading, and fatigue, and may also
change material properties.

Active methods, such as electrical heating of blades,
and passive methods, such as use of ice-phobic
coatings, are under development.

NACELLE

Wear, Fatigue, and Corrosion:
The constant load of stresses and vibrations lead to
wear and fatigue inside the nacelle, specifically in
the gearbox. The nacelle components are prone to
corrosion in the humid, chloride-laden environment.

Various surface treatments for corrosion and wear
protection. Amorphous carbon coatings by physical
vapour deposition (PVD) sputtering processes provide outstanding wear resistance in lubrication-free
condition.48

Corrosion and Fouling (offshore):
The steel tower structure is usually coated to protect
against corrosion and microbial settlement. The
splash zone is exposed to wet and dry cycles and
thus this region is at a higher risk of corrosion.

Multi-layer coatings applied on the metal substrate.
First a metal-based coating (e.g. Zn, Al, Mg), then a
primer coating, then an intermediate epoxy coating,
and finally the top coating.49

BLADES

DEGRADATION TYPE

TOWER
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Table 2. Main degradation types and current solutions for offshore wind turbine components.

Figure 14. Material properties used in
horizontal-axis wind turbine blades. Units
of the figures on the y-axis are given in
parentheses beside the properties along
the x-axis. (Data from Reference 50)
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COMMON DEGRADATION IN WIND TURBINES
Advancements in materials and technologies in the
last decade have contributed towards the development of lighter and stronger materials. These have
resulted in higher towers and bigger blades to harness
high-speed winds at higher altitudes. In 1985, a conventional wind turbine would had a typical diameter
of approximately 15 m whereas today’s blades have
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diameters that exceed 150 m and are projected to
exceed 200 m by 2020.41 However, larger blades have
some limitations regarding transport and installation.
Furthermore, larger wind turbines may be susceptible to aeroeslastic instability, blade deformation, and
vibration-related issues at the edges of the blades
during operation.44 The most common wind turbine
damage is associated with severe weather (e.g. light-
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Figure 15. The world’s largest blade to date (83.5 m for a 7 MW turbine), being transported in Denmark.
Photo by SSP Technology.

ning, tornadoes, etc.), uneven ice accumulation, erosion issues (water droplets, sandblasting, etc.), insect
accretion, and salt deposits.41, 45, 46 Table 2 presents the
common degradation types in various components of
an offshore wind turbine and current solutions to improve performance efficiency and extend service life.
ADVANCED MATERIALS IN WIND TURBINES
The power generated by wind turbines decreases as
they age. This drop in energy efficiency is generally
a consequence of aerodynamic performance loss,
inefficient power conversion, materials degradation,
and/or failure of components. Materials selection
and component design play a significant role in the
reliability and durability of wind turbines, particularly
regarding interactions with the environment.
Blades
Turbine blades are currently usually made from glass
fibre-reinforced composites (GFRC), combined with
thermoset composites that include glass-fibre/epoxy
composites and glass-fibre/polyester. These offer
good mechanical properties regarding load and
fatigue resistance, and are lightweight compared

with steel and alloyed steel.50, 51 Carbon fibre appears
to be a very promising material for blades despite
its price (7 to 20 times greater than GFRC), and has
a range of more desirable properties than fibre
glass/epoxy composites and aerospace aluminium
alloys (see Figure 14). Alternatively, carbon fibres
can be added to glass fibre blades to enhance the
mechanical properties in large-scale blades.50, 52
The combination of carbon fibres and aramid fibres
with GFRC, known as hybrid reinforcement, has also
gained considerable interest owing to the manner
in which it balances properties and cost. It has been
found that addition of nanocomposite particles to
elastomeric tape can increase the energy impact and
prevent erosion damage to the blades.44, 49 These
material composites have been developed by individual companies and the details are commercially
sensitive. The composites are intended to provide
higher stiffness, better damage resistance, and, in
many cases, greater strength. GE recently filed a
U.S. patent for the concept of a wind turbine blade
erosion-corrosion sensor. The sensor sends a signal
when the erosion level of the material substrate
exceeds a critical threshold.53
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GEARBOX

• Lower CAPEX
• Prone to stress & fatigue

DIRECT DRIVE

ADVANTAGES

• Lower maintenance
• Higher energy yield
• Small volume

DISADVANTAGES
• Higher maintenance
• Lower energy yield
• Design complexity, proportional to power
generation

• Uncertain CAPEX due to permanent magnets
containing rare earth elements
• Higher weight

Table 3. Advantages and disadvantages of gearbox and direct drive technologies.55-57

Nacelle
Heat treatment processes, such as plasma nitriding,
can significantly increase the resistance of steels
used in gearboxes to fatigue, wear, and corrosion.
In combination with amorphous carbon coatings
deposition by physical vapour deposition (PVD)
or plasma-assisted chemical vapour deposition
(PACVD), future surface treatments of gear components should enable higher resistance to vibration
and friction. Meanwhile, many manufacturers, such
as Siemens and GE, are leaving traditional gearboxes
behind and moving towards direct drive turbines
made with permanent magnets. As they have fewer

moving parts, direct drive turbines have higher
efficiency and longer lifetimes with less maintenance, as summarized in Table 3. This is a distinct
advantage for offshore wind turbines owing to their
higher maintenance costs. The manufacturing costs
of direct drive wind turbines are heavily influenced
by the fluctuating prices of rare earth metals, as these
are key elements in high performance permanent
magnets and their supply may be disrupted. Scientists at The Ames Laboratory in Iowa have found one
solution for creating cheaper magnetic materials by
replacing the rare earth element dysprosium with the
much more abundant rare earth element, cerium.54

Figure 16. Gearless permanent magnet direct drive (PMDD) design topology reduces downtime
and results in improved availability and project economics. Image courtesy of Xinjiang Goldwind
Science & Technology Co., Ltd.
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Tower and foundation
The tower of bottom-fixed offshore wind turbines is
usually coated to protect the steel structure against
corrosion and microbial growth (also called fouling).
In the literature, a tower is typically divided into three
zones: the intermediate zone (IZ), the splash zone
(SZ), and underwater zone (UZ). The SZ is exposed
to wet and dry cycles and thus it is at higher risk of
corrosion. Recent coating tests for offshore wind
turbines, simulating the IZ, SZ, and UZ with fouling,
revealed that a duplex system of coatings, consisting
of a primer of Zn/Al metallization with an intermediate layer of particle-reinforced epoxy, and a top layer
of polyurethane, had a good performance.58 Another
promising corrosion-resistant coating candidate has
a composition of 99.5% pure Al, with the coating
applied at reasonable cost using the Twin Wire Arc
Spray process (TWAS).59 Environmentally friendly, tinfree antifouling coatings are still under development,
and it is hoped that they will achieve comparable
effectiveness as banned organotin coatings.
NEW WIND TURBINE CONCEPTS
The technologies and designs described below are
still at the proof-of-concept stage and more research
is needed, with particular focus on energy generation, safety, material reliability, and cost.
Floating offshore wind turbines
Floating wind turbines are a relatively new concept
for offshore wind turbines. They are influenced by
the design of deepwater platforms for oil and gas
extraction and involve a floating anchorage that
is installed in deeper sea. In the U.S. more than

Figure 17. Illustrations of three classes of floating wind
turbine technology. Illustration by Joshua Bauer, NREL.

60% of offshore wind resources lie over waters
with depths of more than 60 m.40 At such depths,
a floating system has an economic advantage over
bottom-fixed structures. Currently there are several
ongoing floating offshore wind turbine prototypes
situated around the world with focus on improving
their assembly and installation. One of DNV GL’s
Extraordinary Innovation Projects (EIP) in 2015, “New
Floating Wind Concept,” aims towards developing
an optimal open source design for offshore floating
wind turbines, with minimum cost and use of material, and maximum standardization and modularity.
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Figure 18. Buoyant Airborne Turbine (BAT) concept. Image courtesy of Altaeros Energies, Inc.

The degradation mechanisms of floating offshore
wind turbines can be expected to be similar to those
of oil & gas offshore platforms, such as wear, fatigue,
corrosion, microbial corrosion, and erosion of mooring chains/ropes, etc. Prevention practices that are
typically adopted include cathodic protection and
use of coatings that are resistant to corrosion and
fouling. Additionally, floating wind turbine must also
be resilient to unexpected natural disasters and third
party damages, such as hurricanes, huge waves, and
collisions with sailing vessels or icebergs.
Buoyant airborne turbines (BAT)
The Altaeros Energies’ Buoyant Airborne Turbine
(BAT) is an easily transported high-altitude wind
energy concept that consists of a carbon fibre, com-

posite three-blade turbine attached to a helium-inflatable shell made from gas-tight and durable fabric.
The shell and turbine are connected to the ground
station through lightweight, high-strength tethers.
To reduce weight in comparison with conventional
aluminium nacelles, this BAT nacelle is built with
three-ply carbon fibre skins over an aramid honeycomb core.60 A lighter-than-air approach, such as
BAT, does not need strong winds and it can stay at
high altitudes for a more consistent airflow at higher
speeds where traditional wind turbines cannot reach.
BAT should also be much cheaper regarding transportation and installation, but relies on an abundant
supply of helium; in the last 5 years, the price of
helium has almost tripled.61
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ENERGY
STORAGE
The intermittent and fluctuating nature of renewable
energy sources, such as solar power and wind power,
challenge their applications at the utility scale and for
grid compatibility. Energy storage systems create a
buffer zone of renewable power output that can be
modulated across different timescales, from hours to
seasons, for consistent power delivery.

Figure 19. Structure of a lithium-ion battery.
Image courtesy of Hitachi Chemical Co., Ltd.

MATERIALS IN LITHIUM-ION BATTERIES
After several decades of development, there are
many aspects of lithium-ion batteries, including
material composition, that have settled into preferred arrangements. Lithium has clearly become the
choice of charge carrier due to its low density and
the negative electromotive forces required for oxidation. For anode construction, graphite has become

the prevalent material on the market at present,
along with organic compounds used for electrolytes.
As a result, the key differences between a variety
of lithium-ion batteries on the market are cathode
chemistry and designs. These determine key performance characteristics of the cell, such as voltage,
specific energy, and specific power.
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MATERIAL

STRUCTURE

POTENTIAL
VERSUS Li/Li+,
average V

SPECIFIC
CAPACITY,
mAh/g

SPECIFIC
ENERGY,
Wh/kg

LiCoO2

Layered

3.9

140

546

LiNi0.8Co0.15Al0.05O2 (NCA)

Layered

3.8

180-200

680-760

LiNi1/3Co1/3Mn1/3O2 (NMC)

Layered

3.8

160-170

610-650

LiMn2O4 and variants (LMO)

Spinel

4.1

100-120

410-492

LIFEPO4 (LFP)

Olivine

3.45

150-170

518-587

Table 4. Specifications of different lithium-ion battery chemistries.62

Cathode
Given the commonality of most of the components
found in lithium-ion batteries, the primary performance differentiator and identifying component is
the compound used for the cathode. The objective
of maximizing specific capacity leads to utilization
of first row transition metals, typically manganese,
iron, cobalt, and nickel. The following are the most
prevalent cathode chemistries used in lithium-ion
batteries today.62
LiNixMnxCoxO2 (NMC)
A significant benefit of recently developed NMC is
the gradually sloping voltage curve as a function
of capacity, enabling much more effective battery
management system control algorithms. NMC offers
better structural, chemical, and thermal properties
than other cathode chemistries. The strength of the
compound comes from the combination of nickel
(with a high specific energy) and manganese (high
power capable spinel structure). Additionally, the balance can be tweaked to produce different properties
regarding power density or energy density, allowing
the cells to be tailored to specific applications. NCM
cells have started to replace LiCoO2 in consumer
electronics and are slowly becoming the most dominant technology for automotive applications.
LiFePO4 (LFP)
LFP differs significantly from most other cathode
chemistries in that it has an olivine structure, rather
than being a layered metal oxide. A dominant benefit
of this is the lack of an oxygen source at the cathode,
which means that it is incapable of thermal runaway
in the same sense as oxide compounds. Additionally,
LFP is significantly more tolerant of thermal abuse
and demonstrates a longer lifecycle. However, these
characteristics come at the cost of energy density.

The specific energy of LFP is relatively low, as shown
in Table 4, and the electrochemical potential is lower.
Extraction and reinsertion of Li from LFP occurs at a
very stable voltage (approximately 3.45 V) that does
not change with lithium content, producing limited
capability for control and monitoring.
Lithium-Air
Lithium-air technology is a particularly interesting
cathode technology that has the potential to drive a
step change in the energy storage arena. Although
this technology is far from commercial readiness,
lithium-air batteries show promise in demonstrating
greatly increased energy density – similar in magnitude to that of gasoline – due to the fact that ambient
air is used as the oxidizer rather than an internal
cathode material. Thus, this all-solid-state battery
presents tremendous potential for all applications,
but especially for automotive use.
Anode
Although graphite undoubtedly represents the
overwhelming majority of materials used in current
anodes, two additional chemistries show promise for
significant growth in near-term implementation, and
are already on the market as part of the portfolios of
multiple vendors. These are lithium-titanate (LTO)63
and silicon-graphite.64
A primary advantage of LTO anodes is their ability to
produce a high charge rate and large power capabilities due to its structure, as well as significant lifecycle
benefits. Additionally, graphite-based anodes are
limited in low temperature performance, both due
to reduced capacity but also because of safety risks
associated with high charge rates and lithium plating.
These disadvantages are alleviated by the use of an
LTO anode. In addition to losses in cell capacity, the
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Figure 20. Connecting cables for testing the charge and discharge cycles of Lithium-ion batteries for electric and hybrid
cars. Photo by Alain Baars.

main drawback of LTO is cost, particularly relative to
the abundant and cheap graphite options. Nevertheless, these systems are penetrating the market at
accelerating rates.
The utilization of silicon to complement carbon or
graphite in the anode of the common lithium-ion cell
is likely to represent the next phase of technology
development. These systems promise to provide
a significant increase in energy density, but are
also characterized by very large design obstacles
presenting difficulties in enabling sufficient longevity performance and lifecycle. These obstacles are
presently being overcome and several lithium-ion
batteries on the market today have very low volumes
of silicon utilized in the anode, and there is the promise of more to come.
Electrolyte
Electrolyte composition plays an important role in
lithium-ion cell degradation, as well as regarding
safety features, as the traditional organic compound
is typically the source of ignition under high heat
loads. Thus, progress in this area is particularly valuable. The most promising developments have come
about in the form of ionically conductive solids to
replace liquid electrolytes. Although most of these
compounds require a thickness that is too great for
electrochemical performance, thin-film, solid-state
batteries are likely candidates for the next round of
significant improvements in lithium-ion performance.

Lithium-ion Materials Conclusion
The continual decrease in costs, coupled with incremental improvements in electrode materials and
electrolyte chemistries, will continue to solidify the
position of lithium-ion as the go-to technology for
short-term energy storage. Near-term opportunities
for new technological advances primarily exist in
anode materials. Somewhat further off, technologies
are developing to replace liquid electrolytes and
produce solid-state batteries. Additional technologies, yet further out, show even greater performance
potential, providing a clear indication that the value
and performance of battery systems will improve,
and that these systems will continue to find new
applications and increase the capabilities of many
systems that we commonly use today.
ENERGY STORAGE FOR STATIONARY
APPLICATIONS
The recent proliferation of lithium-ion batteries has
been driven by their adoption in the automotive
industry, reducing prices and enabling greater
capabilities for electric vehicles. In this application
the limited space and the negative impact of any
added weight on total vehicle performance mean
that energy density and power density are critical
characteristics; lithium-ion represents the most ideal
solution of those currently on the market. However, stationary applications have different priorities
and the most obvious difference is the significantly
reduced limitation by system physical weight and
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SPECIFICATIONS
Models:

$3500, 10 kWh for weekly cycles
$3000, 7 kWh for daily cycle
Dimensions: 130 cm × 86 cm × 18 cm
Weight:
100 kg
Power:
2.0 kW continuous, 3.3 kW peak
Voltage:
350 − 450 V
Current:
5 A nominal, 8.5 A peak output
Warranty:
10 years		

Figure 21. Double Tesla “Powerwall” – lithium-ion battery packs are installed together. Image courtesy of Tesla Motors.

volume. Additionally, stationary application duty
cycles are considerably less strenuous than those
seen in automotive duty cycles. Depending on the
specific application, batteries will typically operate
at less than half their rated continuous power level
or require less total energy throughput on a yearly
basis. These differences represent some of the many
imperative aspects for assessing and characterizing
lithium-ion energy storage performance.
The highest adoption rates for stationary energy storage systems have been in “behind the meter” applications, located at a utility customer’s site. Although not
operating in a segment of the market offering the most
value potential, the Tesla “Powerwall” residential energy
storage solution has attracted a great deal of publicity. 		

					
The most predominant technology competing with
lithium-ion in stationary applications is the flow
battery.65 These batteries use liquid electrolytes with
transport ions in each electrode, typically either a
zinc-bromine solution or vanadium-redox. The chemical components used are non-flammable, although
they do present safety risks in the event of direct
human contact. Flow batteries have been cheaper
than lithium-ion historically, and have the advantage
of increasing system capacity by increasing storage
tank size. The size of these tanks and supporting
systems can be significant, thus making them particularly viable for stationary applications. The batteries’ membranes and electrolytes do not, in theory,
degrade with time, and thus can achieve extremely
long-cycle service life. However, they are susceptible
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Figure 22. The main graphical interface window of BatteryXT shows inputs (on the left)
enabling definition of any operational parameters for an application, as well as the resulting
profile and expected lifetime predicted by the model (on the right).

to contamination and may require “maintenance
cycles” to ensure uniform ion distribution. Perhaps
the main factor limiting flow battery adoption is the
higher number of moving components, representing
potential failure points, combined with customer perception and lack of familiarity with the systems. Also
under development, liquid-metal batteries seem to
have great promise for stationary applications with
their substantially prolonged operational lifetimes.
Although still at the laboratory research stage,
Stanford University’s novel aluminium-ion batteries promise attractive advantages over lithium-ion
batteries, including: high-speed charging, long cycle
life, low cost electrodes, flexible structure, and low
flammability.66 The major drawbacks of the aluminium-ion battery prototype are approximate half opencell-voltage and quarter energy density of the typical
lithium-ion batteries.67 This suggests that they will be
a better fit in stationary energy storage systems with
lower energy and density demand.
BATTERY SERVICE LIFE ASSESSMENT
Due to the interactions between electrodes and
electrolyte during charging and discharging cycles,
lithium-ion batteries lose their capacity over time. Capacity loss is based on use as well as the degradation
that occurs continually within the cell as a function of
time (called calendar ageing). How long a battery will
last depends heavily on a large number of interrelated factors including temperature, sizing, use profile,
control system, and also the chemistry and manufac-

ture of the battery itself. The relationship between
dominant factors and battery performance is key for
selecting and designing an energy storage system
that is able to meet the performance expectations for
the intended life of the system.
Battery service life assessment brings together key
aspects regarding battery performance – how a battery may be designed for a system and how aspects
of its intended use will affect different degradation
mechanisms. For complex systems like batteries it is
difficult to build a mechanistic model, and an empirical approach may be used instead for modelling.
The full spectrum of parameters affecting battery
performance and life are brought together in the life
estimation model BatteryXT, a software tool that is
based on a test database and that analyses degradation, providing expectations for battery service life.
With its main interface window as shown in Figure
22, the user can upload a use profile of their own
designation and then select the battery parameters
for evaluation – including battery chemistry, temperature and cooling conditions, charge-rate, and
sizing. The BatteryXT algorithm derives the necessary
data for matching characteristics of that duty cycle to
the model developed from previous test data. The
model can be tailored to a given battery chemistry
and then used to evaluate any given range of use
profiles. This functionality assists system operators in
technology selection, as well as enabling evaluation
of key aspects of design and operability.
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INSIGHTS INTO LONGTERM PERFORMANCE
ASSESSMENT
Cost, availability, and stability are the “golden triangle” of factors in the successful deployment of any
new material in renewable energy. Both solar and
onshore wind power systems have large initial capital
costs, and small recurrent costs for operation and
maintenance. The cost economics therefore largely
comprise just the initial capital outlay, lifetime reliability (over 20 years) taken as a given. However, renewable energy facilities are not normally designed

to be as conservative as those in other traditional
energy industries; they are often operated close
to the design criteria and this can result in higher
risks regarding long-term performance.68 Advanced
materials and technologies are deployed for higher efficiency in renewable energy systems, but any
improvements in efficiency are only beneficial if they
will last.
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2. Qualification tests are insufficient for lifetime
assessment

© iStock

To ensure manufacturers’ guaranteed reliability,
renewable energy devices undergo rigorous qualification and approval testing prior to delivery. These
tests help to eliminate so-called infant mortality and
are perhaps comparative. However, they are of limited use for estimating the actual lifetime. Performance
under field conditions is usually quite different to
that in controlled laboratory conditions, due to the
combined effects from a number of factors rather
than the predetermined factor sequence in qualification tests.25 The ultimate goal is to develop a quality
rating system that provides comparative, quantitative information about the durability of a module
exposed to various stresses.70
		
3. Accelerated laboratory tests may not reveal all the
degradation mechanisms

Because of the relatively short history of application
of various new materials and technologies, long-term
performance assessments are not well established in
the renewable energy industries. With this in mind,
this paper offers the following recommendations:
1. Single average degradation rate is an inadequate
metric of long-term performance
Most manufacturers of PV panels offer a 25-year
warranty and guarantee that output power will be
maintained at above 80% of the initial value. A survey
by NREL of flat-plate terrestrial modules in the last
40 years showed a mean degradation rate of 0.8%/
year, lower than 0.5%/year degradation required
to meet 25-year commercial warranties.69 Similar
degradation analyses based on single numbers have
also been carried out in other renewable energy
systems, and usually rely on the simple degradation
model to evaluate system performance, regardless
of the differences in materials, devices, environments
and degradation mechanisms. There is also a lack
of models to relate variable factors to performance
throughout the service life.

In accelerated ageing tests, selected stress factors
are applied to a device until failure in contrast to
the limited duration in the qualification tests. It is
assumed that the acceleration vector is understood.
Nevertheless, there are several modes of degradation that occur under field conditions that are not
captured in accelerated tests. A robust accelerated
testing method must be able to address field degradation or failure modes and identify the dominant
mechanisms. In a complex assembled system, it is
difficult to conduct accelerated life testing, so accelerated testing of the degradation modes of separate
sub-systems are used to construct a life prediction
scheme for the assembled system. This introduces
further uncertainties into the predicted lifetimes.
4. Real-time monitoring is valuable, but unable to
predict lifetime alone
A variety of portable sensors have been designed
and fabricated to measure specific parameters in
real time, such as output power, sunlight radiance,
wind velocity, vibration, temperature of components,
corrosion-erosion, battery off-gas, etc. Micro-Electro-Mechanical System (MEMS) sensors have the
potential to be embedded in different systems, and
also have the advantages of small size, low power
consumption, high sensitivity, and low cost. The data
acquired can be saved in the field for later analysis
or transmitted to the terminal station simultaneously
through cables and wireless connections. However,
sensor data must be transformed into lifetime predictions through models.
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CONCLUSION
The overall picture therefore is of an emerging industry breaking the mold in several
aspects of technology and operation. This is especially evident in the use of advanced
materials in renewable energy to do with power generation and energy storage.
However, attention has focused to a large extent on cost and efficiency and to a lesser
extent on the key parameters of durability and reliability over 20 or 30 years. This gap
can be filled by new approaches – predictive modelling tools for long-term performance assessment.
A huge volume of data is already available on the performance of renewable power
systems and will be augmented by additional sensor data. These data can be fed to
multiple inter-linking modelling tools to provide reliable long-term performance assessments. Fundamental mechanistic models are desirable, but they can be relatively
difficult and time-consuming to establish, especially when concerned with new materials and technologies. The mechanisms developed have to be validated by correlating
rigorous accelerated laboratory test results and field performance data. In this case,
empirical models are probably necessary since mechanistic models are sometimes insufficiently robust to address practical problems. Based on abundant history data and
statistical analyses, an empirical model is able to predict trends in performance over
time, such as BatteryXT. However, empirical models are incapable of dealing with new
conditions without any test data.
A high-level integration modelling tool offers a tangible solution to multiple mechanism/physics problems. A Bayesian network is a powerful graphical tool that is able to
integrate testing results, field data, various failure mechanisms, and expert experience
under a single framework in order to investigate probabilistic cause-effect relationships with adjustable parameters and tolerances of uncertainty. For example, a Bayesian network model, MARVTM, has enabled the assembly of diverse data for pipeline risk
assessment.4 A similar approach could be applied to risk assessment for renewable
energy and energy storage systems.
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