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ABSTRACT

Several definitions of sustainable development have been put forth, including the following
common one: development that meets the needs of the present without compromising the
ability of future generations to meet their own needs. A recent World Energy Council (WEC)
study found that without any change in our current practice, the world energy demand in
2020 would be 30 to §0% higher than 1990 levels. According io a vecent U.S. Department of
Energy (DoFE) report, annual energy demand will increase from a current capacity of 363
million kilowatts to 750 million kilowaits by 2020. The world’s energy consumption today is
estimated to 22 billion kWh per year, 53 billion kWh by 2020. Such ever increasing demand
could place significant strain on the current energy infrastructure and potentially damage
world environmental health by CO, CO, SO; NOy effluent gas emissions and global
warming. Achieving solutions to environmental problems that we face today reguires long-
term potential actions for sustainable development. In this regavd, renewable energy
resources appear to be the one of the most efficient and ¢ffective solutions since the intimate
relationship between remewable energy and sustainable development. More rational use of
energy is an important bridge to help transition from today's fossil fuel dominated world to a
world powered by non polluting fuels and advanced technologies such as photovoltaics (PV)
and fuel cells (FC). This paper discusses the potential for such integrated systems in the
stationary and portable power market in response to the critical need for a cleaner energy
technologyv. Anticipated patterns of future energy use and consequent environmental impacts
(acid precipitation, ozone depletion and the greenhouse effect or global warming) are
comprehensively discussed in this paper. Throughout the paper several issues relating to
renewable energies, environment and sustainable development are examined from both
current and future perspectives.
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INTRODUCTION

Energy security, Economic growth and Environmental protection are the national energy
policy drivers of any country of the world. As world populations grow, many faster than the
average 2%, the need for more and more energy is exacerbated (Figure 1). Enhanced lifestyle
and energy demand rise together and the wealthy industralised economies which contain
25% of the world's population consume 75% of the world's energy supply. The world’s
energy consumption today is estimated to 22 billion kWh per year. About 6.6 billion metric
tons carbon equivalent of green-house gas emission are released in the atmosphere to meet
this energy demand (USDoE, 2001). Approximately 80% is due to carbon emissions from the
combustion of energy fuels. At the current rate of usage, taking into consideration population
increases and higher consumption of energy by developing countries, oil resources, natural
gas and uranium will be depleted within a few decades. As for coal, it may take two centuries
Or 0.
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Technological progress has dramatically changed the world in a variety of ways. It has,
however, also led to developments - e.g. environmental problems - which threaten man and
nature. Build-up of carbon dioxide and other greenhouse gases is leading to global warming
with unpredictable but potentially catastrophic consequences. When fossil fuels burn, they
emit toxic pollutants that damage the environment and people’s health with over 700,000
deaths resulting each year, according to the World Bank review of 2000.
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Figure 1. Actual and estimated world population and energy demand
At the current rate of usage, taking into consideration population increases and higher
consumption of energy by developing countries, oil resources, natural gas and uranium will
be depleted within a few decades, as shown in Figure 2. As for coal, it may take two centuries

or s0. One must therefore endeavour to take precautions today for a viable world for coming
generations.
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Figure 2. World oil production in the next 10-20 years and volume of oil discovered
world wide

Research into future alternatives has been and still being conducted aiming to solve the
complex problems of this recent time - e.g. rising energy requirements of a rapidly and
constantly growing world population and global environmental pollution. Therefore, options
for a long-term and environmentally friendly energy supply have to be developed leading to
the use of renewable sources (water, sun, wind, biomass, geothermal, hydrogen} and fuel
cells. Renewables could shield a nation from the negative effect in the energy supply, price
and related environment concerns. Hydrogen for fuel cells and the sun for photovoltaic have
been considered for many years as a likely and eventual substitute for oil, gas, coal and
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uranium. They are the most abundant elements in the universe. The use of solar energy or
photovoltaics for the everyday electricity needs has distinct advantages: avoid consuming
resources and degrading the environment through polluting emissions, oil spills, and toxic by-
products. A one kilowatt PV system producing 150 kWh each month prevents 75 kg of fossil
fuel from being mined, 150 kg of CO, from entering the atmosphere, and keeps 473 litre of
water from being consumed. Electricity from fuel cells can be used in the same way as grid
power: to tun appliances and light bulbs, and even to power cars since each gallon of gasoline
produced and used in an internal combustion engine releases roughly 12 kg of COs, a
greenhouse gas that contributes to global warming,

ENVIRONMENTAL PROBLEMS

Technological progress has dramatically changed the world in a variety of ways. It has,
however, also led to developments of environmental problems which threaten man and
nature. Duning the past two decades the risk and reality of environmental degradation have
become more apparent. Growing evidence of environmental problems is due to a
combination of several factors since the environmental impact of human activities has grown
dramatically because of the sheer increase of world population, consumption, industrial
activity, etc. Throughout the 1970s most environmental analysis and legal control instruments
concentrated on conventional effluent gas pollutants such as SO,, NOx, CO,, particulates,
and CO. Recently environmental concern has extended to the control of micro- or hazardous
air pollutants, which are usually toxic chemical substances and harmful in small doses, as
well as to that of globally significant pollutants such as CO,. Aside from advances in
environmental science, developments in industrial processes and structures have led to new
environmental problems. For example, in the energy sector, major shifts to the road transport
of industrial goods and to individual travel by cars has led to an increase in road traffic and
hence a shift in attention paid to the effects and sources of NO, and volatile organic
compound {VOC) emissions. Environmental problems span a continuously growing range of
pollutants, hazards and ecosystem degradation over wider areas. The main areas of
environmental problems are: major environmental accidents, water pollution, maritime
pollution, land use and siting impact, radiation and radioactivity, solid waste disposal,
hazardous air pollutants, ambient air quality, acid rain, stratospheric ozone depletion, and
global warming (greenhouse effect, global climate change).

Problems with energy supply and use are related not only to global warming that is taking
place, due to effluent gas emission mainly CO;, but also to such environmental concerns as
air pollution, acid precipitation, ozone depletion, forest destruction, and emission of
radioactive substances. These issues must be taken into consideration simultaneously if
humanity is to achieve a bright energy future with minimal environmental impacts. Much
evidence exists, which suggests that the future will be negatively impacted if humans keep
degrading the environment (Table 1).

Table 1. Global emissions of the top fourteen nations by total CO, volume
(billions of tonnes)

TSk, 136 Tz 0.19 11 Temeo 009
Pussia (098 UK. 016 12 Poland  0.02
Clina 069 Canada 011 13 S Afica 008

Rank  MNation  C0O. Fank  Mation  CO, Rark Hation  CO,
1
2
3
4 Tapan 0.0 [taly 011 14 S Kowa 007

MO G ) O

59



Stambouli A. B. et. al., Journal of the Association of Arab Universities for Basic and Applied Sciences, Vol. 3, 2007, 57-68

During the past century, global surface temperatures have increased at a rate near 0.6
°C/eentury (US National Oceanic and Atmospheric Administration, 2001) and the average
temperature of the Atlantic, Pacific and Indian Oceans {covering 72% of the earth surface)
has risen by 0.06 °C since 1995. Global temperatures in 2001 were 0.52 °C above the long-
term 1880-2000 average (the 1880-2000 annually averaged combined land and ocean
temperature is 13.9 °C). Also, according to the U.S. Department of Energy (DoE), world
emissions of carbon are expected to increase by 54 % above 1990 levels by 2015 making the
earth likely to warm 1.7-4.9 °C  over the period 1990-2100, as shown in Figure 3 (US
National Centre for Atmospheric Research, 2001). This is just one of many energy use
environmental impacts. Such observation and others {A. Boudghene S., 2000) demonstrate
that interest will likely increase regarding energy related environment concerns and that
energy is one of the main factors that must be considered in discussions of sustainable
development,

2
LS+
16k
14+
12
Lok

199020340

0.8+
0.6
0,4+
0.2+
[y

Prabalility density

1990-2100

Global-mean lemperalure change (°C7)

Figure 3. Global-mean temperature change over the period
of 1990-2100 and 1990-2030

PHOTOVOLTAICS

The sun is a very important source of energy and no path into the future can ignore the sun.
This type of energy is diffused in the space and reaches the earth in the form of solar light
(47%), ultraviolet rays (7%) and infrared rays or heat (46%). The solar light and infrared rays
are the only elements that provide useful energy for thermal and photovoltaic conversion.
Efficiency improvement, cost reduction and high reliability have contributed to the expansion
of solar-depending systems globally. Solar energy is cost-effective in terms of fuel (because
no fuel is required) and its price would not be affected by the supply and demand of fuels.
Solar energy is also pollution free. In addition, as solar energy does not use fuel, it also
eliminates the problems that arise during the recovery, transportation and storage of fuels.

In April 2001, a record has been surpassed for electricity produced by solar cells made from
cadmium telluride, a development that could help meet expanding demand for solar systems.
Cadmium telluride represents one of the most promising technologies for the so-called thin
film solar cells that yield higher wattage per square meter, at a lower price per watt of
capacity. The measurement of 16.4% efficiency bested the previous threshold of 15.8%
efficiency for cells based upon the same material, a record that has stood since 1992 (Gary
Schmitz, 2001). Increasing etficiency and lowering costs are being made by developing new
materials and processes {organic materials and bicolour solar cells technology) to improve
adhesion, light collection, electronic properties and help reduce the cost of solar electric
systems by some ten-fold. The measurement of 22% efficiency has been reached by using
GaAs/Si bicolour technology (Joseph Galdo, 2001). Earlier this year many laboratories
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throughout the world embarked on a program to reduce PV price by another 50% by the end

of the decade.

In 2000, the photovoltaic industry increased production by 39% worldwide, 42% in 2002. In
recent months the rising cost of fuel and the increasing demand for a cleaner energy
technology have spurred an even greater surge in installation of solar electric systems for
homes and businesses, with the solar industry expanding to meet this rising demand (see

Figures 4 and Table 2).
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Figure 4. The total global cumulative and new capacity power photovoltaic production in
MW (1996-2010)

Table 2. World photovoltaic cell /module shipment in MW (8WEC, 2002)

Couniry 1993 1994 1995 199G 1997 1998 1999 2000 2001 @ 2002
UsA 224 256 347 388 530 dA435 250 1002 15158 22234
Japan 167 1635 164 212 330 441 642 2415 5417 10050
Europe 165 210 201 18R 283 354 542 127 10120 131.39
Bestoftheworld 44 58 635 875 940 135 231 3540 4848 5102

Alming to protect the environment world-wide, mid-term and long-term goals in the
application of PV modules, until the year 2030, is shown in Table 3 with a willing power
storage density of 5 kWh/m® (WEC, 2002).

Table 3. Photovoltaic mid-term and long-term programme goals warldwide

Faclor 19952000 2005-2010  2010-2030
Ivlodule efficiency (%) 15.20 20 20-25
Electricity price $/kW 0.2-0.5 0.2 0.2-0.05
Swstem lifetitoe (years) 20-25 25.30 25.30
Installed capacity (TvIW) 2200 50000 50000-200000

Nowadays, solar energy represents 4.5% of all prime energy use which will jump to 10% in
the near future, by the year 2020, it could reach a minimum 25% of the world energy supply,
depending on the considered scenarios of the World Energy Council (WEC) and 45% by
2060 as predicted by Shell international petroleum company {power production exceeding
1250 exajoules, 1 exajoule = 10'® joules; it's also roughly equivalent to the energy from 170
billion barrels of oil) (Shell, 1998). If sufficient research and development effort occurs
before this horizon the share of the solar might reach more for the long term perspective.
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Arab countries are endowed with large reserves of energy sources, mainly hydrocarbons and
solar energy. Practical applications of solar energy, however, are still limited due to the high
costs and the need for advances in technology. It is now important in educating the public as
well as introducing special energy legislation to increase the usage of this clean form of
energy whether in private or public sectors and show the importance of energy efficiency and
conservation. Solar energy is the most abundant natural resource in Algeria. It becomes
imperative for Algeria to exploit this important energy resource. Overall, Algeria hopes to
increase the share of solar in the country’s electricity mix to 5% by 2010,

FUEL CELLS

A fuel cell is an energy conversion device that converts the chemical energy of a fuel gas
directly to electrical energy and heat without the need for direct combustion as an
intermediate step, giving much higher conversion efficiencies than conventional thermo-
mechanical methods. The operating principles of fuel cells are similar to those of batteries,
i.e., electrochemical combination of reactants to generate electricity, a combination made of a
gaseous fuel (hydrogen) and an oxidant gas (oxygen from the air) through electrodes and via
an ion conducting electrolyte. However, unlike a battery, a fuel cell does not run down or
require recharging. Fuel cell operates as long as both fuel and oxidant are supplied to the
electrodes and the influence it exerts on the surrounding environment is negligible. Fuel cells
promise to be extremely useful in large, high-power applications such as full-scale industrial
stations and large-scale electricity-generating stations.

Design and operation of fuel cells

A fuel cell consists of two electrodes sandwiched around an electrolyte. Hydrogen fuel is fed
into the anode of the fuel cell and oxygen, from the air, enters the cell through the cathode.
The hydrogen, under the action of the catalyst, splits into protons (hydrogen ions) and
electrons, which take different paths towards the cathode. The proton passes through the
electrolyte and the electron create a separate current that can be used before reaching the
cathode, to be reunited with the hydrogen and oxygen to form a pure water molecule and heat
as shown in Figure 5.
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Figure 5. Concept diagram of a fuel cell based on oxygen-ion conductors
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Types of fuel cells
Fuel cells are generally classified by the chemical characteristics of the electrolyte used as the
ionic conductor in the cell, as summarized in Table 4.

Table 4. Technical charactenstics of different fuel cells

Types of FC Elecitolyte Operating T Fuel Oxidant Efficiency
Potasepon boodrozdde Pure bgedrogen or ;
LFC S0-200 : 0 fdhir S0-55%
( ! (EOH) boedramine
[DDIFL) Polprtier a0-200 *C Liquid mwthanol 0 fhir 40-55%
(PAFLC) Fhosphoric acid La0-210 & Hdrozen fromm RPN 40-500%
hepdrocathore and aleohol
[y Sualplomic acid 2000 = © Slcchol or Dxpear: ERFYIN ¢ 40-500%,
Fordrogen
(PEMIFC) Pobymer, proton S0-20 °C Lecs paare berdrogen foorm 0 f4ir 411501
excharz e Trernbrame Yoedrocathers or mmethanol
(MICFL) Dlolten sabt such as 630-650 5 Hyrdrogen, catbon CO. 0. AT S0-60%
nitrste, salphate moraide , nabral gae
carhomates. .. Tropate , tharine diesel
(S0FCY Ceramic ¢ stabilized GO0-500 * & Hanral gae oT propaze 0 fdhir 4 5.0
mircotia and doped
perouelite
PCFC) Thinmenbrane of GO0-T00 2 Hydrocarhone 0 fubir 4 5-60r

harhnh cerhnn odde

(ATCY —Alkaling, (DMTC) — Direct Methanol, (PATC)Y— Phosphorie Acid, (SATC)Y — Sulphuric Acid, (PEMTC) — Proton-Txchange
Membrane, {MCTC) = Molten Carbonate, (SOTCI= Solid Oxide, (PCTC) = Protonic Ceramic

The first five types are characterized by their low to medium temperature (50-210 °C) of
operation, their relatively low electrical generation efficiencies (40-50% when operated on
readily available fuels such as methanol and hydrocarbons, 50% when using pure hydrogen
fuel). The latter three types are characterized by their high temperature of operation (600 and
900 © ), their ability to utilize methane directly in the fuel cell and thus their high inherent
generation efficiency (45-60% for common fuels such as natural gas, 90% with heat
recovery) (Int. Fuel Cells, 2000).

Components of fuel cells

A fuel cell is mainly composed of two electrodes, the anode and the cathode, the catalyst, and
an electrolyte. The fuel is also important as the principal parameter but independent of the
other as it is most of the time converted into hydrogen. The main function of the electrode is
to bring about reaction between the reactant (fuel or oxygen} and the electrolyte without itself
being consumed or corroded. It must also bring into contact the three phases i.e. the gaseous
fuel, the liquid or solid electrolyte, and the electrode itself. The anode, used as the negative
post of the fuel cell, disperses the hyvdrogen gas equally over the whole surface of the catalyst
and conducts the electrons that are freed from hydrogen molecule, to be used as useful power
in an external circuit. The cathode, the positive post of the fuel cell, distributes the oxygen
fed to it onto the surface of the catalyst and conducts the electrons back from the external
circuit where they can recombine with hydrogen ions, passed across the electrolyte, and
oxygen to form water. The catalyst is a special material that is used in order to facilitate the
reaction of oxygen and hydrogen. This can be a platinum coating as in Proton Exchange
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Membranes or nickel and oxide for Solid Oxide fuel cells. The nature of the electrolyte,
liquid or sclid, determines the operating temperature of the fuel cell. It is used to prevent the
two electrodes, by blocking the electrons, to come into electronic contact. It also allows the
flow of charged ions from one electrode to the other. It can either be an oxygen ion conductor
or a hydrogen ion (proton) conductor, the major difference between the two types is the side
in the fuel cell in which the water is produced : the oxidant side in proton-conductor fuel cells
and the fuel side in oxygen-ion-conductor ones. To produce significant amounts of power,
practical fuel cell elements are assembled into a stack, analogous to a multi-layered sandwich
(Figure 6).
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Figure 6. Typical planar flat-plate fuel cell stack configuration

The stack is the main component of the power section in a fuel cell power plant in which cell
assemblies, each including an anode, <lectrolyte, and cathode, are stacked with
interconnecting plates between them that connect the anode of one cell to the cathode of the
next cell in the stack. The cells are connected in electrical series to build a desired output
voltage and can be configured in series, parallel, series-parallel or as single units, depending
upon the type of applications. The number of fuel cells in a stack determines the total voltage,
and the surface of each cell gives the total current.

PHOTOVOLTAICS/FUEL CELLS

There is, however, one disadvantage to solar energy: the sun does not always shine and we
need a way to store solar energy for times when the sun is not shining. In the long term, the
concept of solar energy also includes the question of energy storage. After all, electricity
must still be available even if the sun isn't shining. Hydrogen, the most attractive storage
medium, provides a safe, efficient, clean way to do this. Here is how the solar hydrogen cycle
works: electricity from photovoltaic panels can be used to run an electrolyser, a device which
splits water (H-O) into its elemental parts, hydrogen (Hz) and oxygen (Oz). The oxygen is
released into the air and the hydrogen is pumped into storage tanks, where it can be kept on
site or transported to sun-poor regions. At night, when solar energy is not available, the
hydrogen is recombined with oxygen from the air (20% availability) in a fuel cell, an
electrochemical power plant that directly converts the chemical energy in hydrogen into
electric current without major pollution. The only by-product of this process is pure water.
Solar/fuel cells will allow the use of power from the sun twenty-four hours a day, and will
provide an abundant, clean, efficient, locally produced source of energy as shown in Figure 7.
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Figure 7. Photovoltaic/Fuel Cells, the process

The solar-hydrogen energy system for Algeria would could extend the availability of fossil
fuels resources, reduce pollution, and establish a permanent energy system. In the future
Algeria could become an exporter of hydrogen to Europe. Algeria and the International
Energy Agency agreed on technological cooperation in developing solar power to provide a
clean permanent energy system, and would enable Algeria to maintain and improve its
overall GNP, as well as improving its quality life.

APPLICATIONS OF PHOTOVOLTAICS/FUEL CELLS
Photovoltaics/fuel cells could be used in many applications. Each proposed use raises its own
issues and challenges. The most needed uses are:
» High power reliability: computer facilities, call centres, communication facilities, data
processing centres and high technology manufacturing facilities
» Emission minimisation or elimination: urban areas, industrial facilities, airports, zones
with strict emissions standards
» Limited access to utility grid : rural or remote areas, maximum grid capacity
* Biological waste gases are available: waste treatment plants, fuel cells can convert
waste gases to electricity and heat with minimal environment intrusion. The emission
of fuel cell running on hydrogen derived from a renewable source will be noting but
water vapour.

PHOTOVOLTAICS/FUEL CELLS, THE ENVIRONMENTAL IMPACT

Issues of efficiency and ecology converge at this time to renew interest in Photovoltaic/fuel
cells as systems for electricity generation. In recent times, they attract serious attention in the
utility industries, particularly in co-generation of heat and power. The environmental impact
of Photovoltaics/fuel cells use depends upon the source of hydrogen-rich fuel used. If pure
hydrogen is used, fuel cells have virtually no emissions except water and heat. As mentioned
earlier, hydrogen is rarely used due to problems with storage and transportation, but in the
future many people have predicted the growth of a solar hydrogen economy. In this scenario,
fuel cells generating stations would have no real emissions of greenhouse or acid gases, or
any other pollutants.

It is predominantly during the fuel processing stage that atmospheric emissions are released
by a fuel cell power plant. However, high efficiency of fuel cells results in less fuel being
consumed to produce a given amount of electricity, which corresponds to lower emission of
carbon dioxide CO,, the main “greenhouse gas™ responsible for global warming. When

65



Stambouli A. B. et. al., Journal of the Association of Arab Universities for Basic and Applied Sciences, Vol. 3, 2007, 57-68

hydrogen from natural gas is used as a fuel, fuel cells have no net emissions of CO; because
any carbon released is taken from the atmosphere by photosynthetic plants. A reduction of
carbon dioxide emissions by more than 2 million kg per yvear can be obtained. Moreover,
emissions from photovoltaics/fuel cell systems will be very low with near-zero levels of
NOx, SOx and particulates, therefore eliminates 20000 kg of acid rain and smog-causing
pollutants from the environment. In any case fuel cells generally provide the lowest emissions
of any non-renewable power generation method such as traditional thermal power plants, as
shown in Table 5 (Hydrogen and Fuel Cell Letter, 2001).

Table 5. Typical fuel cell air emissions from one year of operation
Air emissions * S50 MOy CO  Partices Organic compounds cO.
Fossil fuelled plart 12740 18850 12797 228 213 1240020

Fuel cell system 1] o 32 0 o 244300
Hhze of emmiesione per 1650 BIWh fooan oxwe yrear fall operation

This is very important regarding energy related environment concerns. When combined with
a heat engine that uses any waste heat, fuel cells are the most clean and efficient devices
available for this purpose.

PHOTOVOLTAICS/FUEL CELLS BENEFITS

Photovoltaics/fuel cells systems have many advantages: they can be modular, they can be
distributed to eliminate the need for transmission lines, they operate quietly and are vibration
free. Fuel cells could provide higher system efficiency and higher power density. At low
enough costs, they could compete with combined cycle gas turbines for distributed
applications. The benefits also include:

¢ Energy security: reduce oil consumption and increase the amount of the country’s
available electricity supply.

» Reliability: achieves operating times in excess of 90% and power available 99.99% of
the time.

e Low operating and maintenance cost: the efficiency of the Photovoltaics/fuel cells
system will reduce drastically the energy bill (mass production) and have lower
maintenance costs than their alternatives.

¢ Constant power production: generates power continuously unlike backup generators,
diesel engines or Uninterrupted Power Supply (UPS).

CONCLUSION

Energy from fossil fuels is reaching its limits; future alternatives must therefore be conducted
to develop options for a long term and environmentally friendly energy supply for a
constantly growing world population. Solar energy and fuel cells provide highly efficient,
pollution-free power generation. Their performance has been confirmed by successful
operation power generation systems throughout the world. Electrical-generation efficiencies
of 20% and 70% respectively are possible nowadays along with a heat recovery possibility,
In the near future, thermal, photovoltaic and fuel cells based power systems will be ideal
distributed power-generation systems: reliable, clean, quiet, environmentally friendly, and
fuel conserving.
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