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MATERIALS FOR ENERGY APPLICATIONS

Abstract: Sustainable sources of energy are a prerequisite of a sustainable civilization.
And sustainable energy has two basic components: (1) the existence of economically afford-
able and practically renewable energy sources, which extend far into the future and are com-
patible with the environment, and (2) energy conservation and efficient use of energy. The
energy problem is thus a problem of energy production and use. In both of these areas rele-
vant research and technology are of utmost importance.

In this talk I shall stress the importance of materials: (1) in the production of energy and
its transformation into useful forms, and (2) in the use of energy. With regard to the produc-
tion and transformation of energy, I shall stress the importance of materials in the produc-
tion of more efficient sources of visible light, the more efficient transformation of solar radia-
tion into electrical energy and into useful thermal energy, in energy storage, and in the more
efficient transmission of electrical energy. With regard to the uses of energy, I shall stress the
possibilities of saving large amounts of energy via energy conservation and increased effi-
ciency of electrical and electronic appliances by using new improved materials.

BASIC ELEMENTS AND FACTS OF THE ENERGY PROBLEM

Let me first mention a couple of points about energy:

- Society today consumes huge quantities of energy, which continuously in-
crease, foremost those of electrical energy. Electrical energy is generated principal-
ly by the burning of fossil fuels, especially coal, which pollute the environment and
produce greenhouse gases. It is estimated -2 that energy production and use is re-
sponsible for over 60% of the global greenhouse gas emissions.

— The increase in the demand for energy and the increase in world population
deplete the reserves of fossil fuels. The lifespan of oil seems to be especially short
(1930-2030) (Fig. 1).

- Sustainable civilization requires sustainable energy sources. And sustaina-
ble energy has two basic components: (1) the existence of economically affordable
and practically renewable energy sources, which extend far into the future and are
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Figure 1. World population growth since the 13th century.

Figure 1. Left: The precipitous increase in world population as a result of increased
energy consumption.® Right: Production of oil in two thousand years.!

compatible with the environment, and (2) energy conservation and efficient use of
energy.

— The energy problem is, therefore, a problem of energy production and use. In
both of these areas relevant research and technology are of utmost importance.
This talk deals with the science, technology, and use of materials for energy appli-
cations.

THE IMPORTANCE OF MATERIALS IN THE PRODUCTION
AND TRANSFORMATION OF ENERGY

Physical science teaches that to get a particular form of energy from a system,
we have to spend, at least as much energy as that which we get. We pay for the par-
ticular form of energy we get from a system with another form of energy. For eve-
ry transformation of energy, is needed energy.

The use of suitable materials for the more efficient transformation of energy
into useful forms is paramount.

Let us then look at a few specific examples.

Example 1: Materials for a more efficient production of visible light

It is estimated,” that about 25% of the total primary energy consumed annual-
ly world wide is due to lighting. It is thus imperative to improve the sources of vis-
ible light. Proper materials and new technology (Fig. 2), have allowed and are al-
lowing substantial improvement in the efficiency of light sources, especially in the
case of Light-Emitting Diodes (LED). While for incandescent lamps only 4-5% of
the consumed energy is transformed into visible light, the efficiency of LED reach-
es 50-80%.

The basic understanding of the mechanisms via which electrical energy is
transformed into visible photons in various materials (organic and inorganic), but
also of the properties of the other materials that are used in various types of lamps
will allow light sources of higher efficiency.
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emitting diode.™

Example 2: Materials for the more efficient transformation
of solar radiation into electrical energy

Solar thermal systems transform solar radiation into useful forms of energy
and fall into two categories: (1) those where solar radiation is transformed into
thermal energy and is used as thermal energy, and (2) those where solar radiation
is transformed into electrical and is used as electrical energy. In the second cate-
gory, solar radiation is either transformed directly into electrical as in the case of
photovoltaic cells, or it is first transformed into thermal energy and then into elec-
tricity using power plants or engines. In all these cases the role of materials is per-
haps the most crucial factor.

Let us focus on photovoltaic cells. The direct transformation of solar radiation
into electrical energy by making use of photovoltaic (PV) cells is characterized by
three stages: (1) the absorption of solar radiation by a suitable material (for instance
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a semiconductor) of the PV cell and the
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Efficiencies higher than 31% are
possible if, for example, materials are found which absorb a larger part of the spec-
trum of solar radiation for the production of electricity® (Fig. 3). In this case, suita-
ble materials (converters) could transform photons whose energy hv is at least twice
the energy gap E_of the semiconductor (kv > 2 E ) into two photons which subse-
quently are both absorbed, each producing an electron (upper portion of the fig-
ure). Similarly, in the case of solar photons with energy less than the energy gap E,
suitable materials could transform the energy of two such photons into one smgle
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Figure 4. Possibilities of increased efficiency in the production of electrical energy from solar
radiation using materials with ,, mini-bands” or ,intermediate bands”)!* %!
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photon with energy high-
er than the energy gap E ,
2 hv .= hv> E ), whic
could be absorbed and
produce electrons (lower
part of Fig. 3).

It could also be pos-
sible to achieve absorp-
tion of a larger portion of
the solar spectrum by us-
ing materials with more
than one band gaps, as is

shown schematically® ' http://gcep.stanford.edu/research/solar.html
in Fig. 4. In such materi-
als, ,,mini-bands”, or ,,in- Figure 5. Nano-materials, NANORODS."!

termediate bands” could

made possible the absorption of solar photons over a wider energy range, and con-
sequently increase in electricity production. The use of such materials in PV cells
could thus increase their efficiency.

Other kinds of materials are also searched for possible use in PV cells, such as
low cost organic polymers and nano-materials. Figure 5 refers to NANORODS, 1
'where sunlight is absorbed along the length of the rods and the produced charges
are transported perpendicular to the nanorods, increasing their efficiency.

Unquestionably, new materials and new technology will increase the efficien-
cy and reduce the cost of production of PV cells, allowing this way, wider use of
electricity production from solar radiation. Today, the cost of producing electricity
with PV cells is much higher compared to that from other primary energy sourc-
es (Table 1).0'

Table 1. Cost (Euro/MWh, 2005).

Cost Price’
Natural gas 35-70
Oil 70-80
Coal 30-50"
Uranium 40-45
Biomass 25-85
Wind 35-175™
Photovoltaic 140-450

" Depending on the technology employed.

“ This number may increase substantially if the indirect costs of
the negative impact of the combustion products (particulates,
co,, NOX) on heath and the environment are taken into consi-
deration.

" Depending on the technology and the location (on shore/off
shore).
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It should be mentioned that when solar radiation is first transformed into ther-
mal energy and subsequently into electrical energy, materials play a key role in
both transformation steps, and since high temperatures are involved in both steps,
high temperature materials are of essence (see below).

An interesting area, as well, is the transformation of the infrared (IR) part of
solar radiation, or of waste heat (e. g., from internal combustion engines or ,waste
heat” from factories) into electrical energy using thermoelectric materials."!

Example 3: Materials for the efficient transformation of solar
radiation into useful heat

In the production of useful heat directly from solar energy, the importance of
materials — especially materials with suitable thermal, chemical and optical prop-
erties — is crucial. In solar thermal technologies in particular, the challenge is to
find suitable materials which make possible and economically feasible the trans-
formation of solar radiation into heat, which is stored as heat and is subsequently
extracted, transported and used for generation of electrical energy. Storing energy
as heat (thermal storage) is much cheaper and more efficient than storing electri-
cal energy (in batteries).

Of special interest are materials for use in concentrated solar collectors, and
fluids of high thermal capacities, such as molten salts, for use in Concentrated So-
lar Power (CSP) systems, where high operating temperatures (>600 °C) make the
storing and transformation of heat into electricity more efficient.

Additionally, organic and inorganic Phase-Change Materials offer possibilities
for storing large quantities of heat and recovering it over long time periods later!"*!
to generate electricity.

Example 4: Materials for energy storage

Storage and recovery of energy using efficient and economically feasible ways,
constitutes a crucial element of sustainable development. Figure 6 shows various
mechanisms of energy storage and recovery.!"”

It is emphasized that storage of electrical and thermal energy during times of
low demand and low cost, as well as the efficient and large-scale storage of electri-
cal energy from wind and solar sources where the energy has to be stored for fu-
ture use, when generation is interrupted, is very significant. It is also stressed that
storing electrical energy from renewable energy sources is necessary to stabilized
the power of the transmission grid, which limits the percentage of electrical ener-
gy which can be added to the grid from renewable energy sources to less than ~
15%. Renewable energy sources are not only intermittent for long periods of time,
but they are also influenced by weather conditions of short duration (e. g. storms),
which reduce the quality of the electric power.

The basic properties of materials and the methods of storing and retrieving en-
ergy cover a wide spectrum of basic and applied research and technology, extend
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Figure 6. Various mechanisms of energy storage and recovery.!”

into all states of matter, and in many cases (e. g. batteries) involve reactions be-
tween the various states of matter.

Materials which are used to store electrical energy must have high energy den-
sity (Wh/kg) and high power density (W/kg). Materials used in small- and large-
size batteries must have a low cost, be safe, have small weight and volume and be
environmentally friendly, and the batteries themselves must have a large lifetime.
In Fig. 7 are shown various systems for storing and recovering electrical energy: in
Fig. 7a the power density is given as a function of energy density, and in Fig. 7b the
energy per unit volume is given as a function of the energy per unit of weight (size
vs weight). It can be seen that lithium-based batteries store more energy per unit
volume or weight.!'17!
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Figure 7. Various systems for storing and recovering electrical energy.
Fig. 7a. Power density as a function of energy density; Fig. 7b. Energy per unit volume
as a function of energy per unit of weight for various types of batteries.!!
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Figure 8 shows the ef-
ficiency of various mate-
rials/systems to store en-
ergy as a function of the
their lifetime (charge/dis-
charge cycles).!'® 1!

Example 5: Materials
for efficient
transmission and
distribution

of electrical energy

Very important is the
role of materials in the ef-
ficient transmission and
distribution of electrical
energy, especially in view
of the anticipated expan-
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Figure 8: Efficiency of materials/systems for storing energy as
a function of their lifetime.!® **!

sion of the use of electrical energy in the future. Here, there is a need for materials,
environmentally-friendly dielectric materials, which allow transmission of electri-
cal power at high voltages to minimize resistive losses, so that energy can be saved
especially when the transmission involves long distances. Such may be the case
when the production of electricity from renewable energy sources (wind, solar) oc-
curs at long distances from the centers where it is consumed. The same is true for
nuclear power plants for electricity generation, which are placed in isolated regions,
away from population centers.

Insulating gases (gaseous dielectrics)® are especially important in the trans-

mission of electrical en-

lm Energie Ouest Suisse Selects Second-Generation GIL System for Geneva Project

ergy over large distanc-
es, at least until a better

Figure 9. Gas-insulated transmission lines placed in a tunnel
and insulated with the dielectric gas mixture
80% N + 20% SE, 221

technology is found (e. g.
superconducting cables)
1. Today, sulphur hex-
afluoride, SF,, is broad-
ly used by industry in
equipment for electrical
energy transmission and
distribution.  However,
SF, is one of the most po-
tent greenhouse gases; its
halftime in the environ-
ment is ~ 3.200 years and
its ,,Global Warming Po-
tential” is ~ 24.000 high-
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er than that of CO,. One molecule of SF, is as damaging to the environment in
terms of global warming as are 24.000 molecules of CO, >

Basic and applied research found materials which are not greenhouse gases or
which use much smaller quantities of SF, for use in electrical energy transmission:
High pressure N, (~10 atm) or mixtures of N, and SF, where the concentration of
SF, is < 15%.*” Figure 9 shows pipes in a tunnel containing the electricity trans-
mission cables (gas-insulated transmission lines), which are insulated by such gas-
es/mixtures 2> 24

With regard to electrical transmission using gas-insulated cables, the dielectric
strength of the gas and its long-range stability and inertness, along with its heat
transfer properties at temperatures lower than ~110 °C are important gas require-
ments (see references 23 and 25. See also these references for desirable properties of
gases used in gas-insulated circuit breakers, substations and transformers).

THE IMPORTANCE OF MATERIALS IN ENERGY USE

In the countless uses of energy there are many possibilities of increasing efficien-
cy and of saving large and small amounts of energy, which add up to big numbers.
Energy conservation constitutes the most important source of energy at our dis-
posal; it also constitutes an important ,,technology” for reducing greenhouse gases.

Allow me to stress the crucial role of materials in just two areas.

Example 6: Materials and technology for electrical and electronic equipment

Figure 10 shows data® (in blue colour) on the consumption of energy by refrig-
erators in the USA. Since 1974, when the price of primary energy began to increase
precipitously and conservation measures began to be put in place, the use of new
materials and technology resulted in substantial reduction in the amount of ener-
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Figure 10. Consumption of electrical energy by refrigerators in the USA (blue color),
and standby consumption of electrical energy by electronic equipment.®!
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gy consumed by refrigerators, while the size of the refrigerators increased and their
cost reduced by over 60%.

In the same figure, the red line refers to the consumption of electrical energy by
electrical and electronic equipment, mainly computers, in a ,,standby” mode. Elec-
tronic equipment even when not in use, but is ,on” and ,inactive” or ,standby”,
consumes significant amounts of energy.

In Table 2 are given the amounts of electrical energy consumed by representa-
tive types of electronic equipment when ,,on” and ,active”, ,on” but ,,inactive”, and
»standby”.”! The laser printer, TV, and computer screens consume large quantities
of electrical energy. New materials are needed (such as the Liquid Crystal Displays
used in the screens of laptop computers), which consume less energy, considering
the huge number of such equipment in use.””’ The data in Table 2 also show how
important it is to switch off appliances not in use.

Table 2: Power consumption of various gadgets in watts (40 W is 1 kWh/d).[2]

Power consumption (W)
Gadget > = 5 P >
»on” and ,active ,on” but ,inactive ,standby

Computer box 80 55

Cathode-ray display 110 3

LCD display 34 2
Projector 150 5
Laser printer 500 17

Laptop computer 16 9 0.5

TV 100 10
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Figure 11 shows the distribution of energy consumption in commercial buildings
in the USA. ° Although these data are for the USA, they show, nonetheless, that
large sums of energy are used for lighting and heating/cooling of buildings.

Large quantities of energy could be saved by using more efficient building tech-
nologies, more efficient electrical equipment, new and improved light sources and
new methods and mechanisms of space illumination, but also by using appropriate
materials and material technologies (see, for instance Refs. 2, 5, 7). From this per-
spective, the building can be considered an ,energy system”.

OVERALL IMPROVEMENT IN EFFICIENCY OF ENERGY
PRODUCTION AND USE

The advancements [4-
Energy

in the materials area in- |;5- / use per
. . apit

dicated, but also in nu- P b

merous other areas rang- |

ing from nuclear power (0.8~
plants to nanotechnolo- |,

gies, contribute substan- \ Energy
04 - use per

tially to the overall im- dollar
. . of GDP

provement in efficiency |o2-

of energy productionand | | History Projections

use. Figure 12 shows that 1970 1980 1990 2000 2010 2025

in the USA, measures for Figure 12. Energy use per capita and energy use per dollar
energy conservation and of GDP in the USA, 1970-2025 (1970=1).2"
improved energy efficien-
cy resulted in a substantial decrease in the amount of energy consumption per dol-
lar of GDP.

Similar data were published for the European Union."

Energy efficiency clearly increases the effectiveness of energy use.

CONCLUSIONS

The energy problems are serious, big, multidimensional, long-lived and com-
mon; they demand infrastructure, persistence, and coordinated and long-range
planning and investment.

Basic and applied research and technology in the materials area are essential
for any country, in order to use effectively new materials and material technologies
for more efficient use of energy.
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