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20. yUzyihin sonu ve 21.yuzyilin basinda enerji talebi artmustir ve bilim
adamlar1 bu enerji talebine karsilik ¢ozimler Uretmeye yeltendiler. Diger taraftan,
enerji talebinin ve tuketiminin artist  ile bilim adamlari, dinyamizin enerji
kaynaklarinin gok sinirli oldugu ve enerji tiketiminin sinirlt kaynaklar: tikettigi ve
dinyay: Kirlettigi sorunuyla ytzlesmek zorunda kaldilar. Bu, bilim adamlarin,
dunyamizin enerji ihtiyacim, dinyay: kirletmeden ve simirli enerji kaynaklarini
tuketirken dunyanmin yenilenebilir enerji kaynaklarint kullanmaya yonelik, bitintyle
yenilenebilir yeni ¢ozimler bulmaya yoneltti.

Bu tezde, yenilenebilir enerji kaynaklari teknolojileri ile ilgili bilgi
verilmektedir. RlUzgar ve gines enerjisi teknolojileri daha ¢ok ©Onemsenmekle
birlikte, jeotermal, hidrolik, dalga, gelgit, biyokitle ve hidrojen gibi diger
yenilenebilir enerji teknolojileri de anlatilmistir. TUrkiye deki yenilenebilir enerji
uygulamalar1, politikalari, mevcut yasalar, kurumlar ve Ar-Ge caligmalar ile ilgili
guncel bilgiler ve dneriler sunulmustur.

Anahtar Kelimeler : Yenilenebilir Enerji Kaynaklari, Rizgar, Fotovoltaik,
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At the end of 20th and the beginning of 21th century, energy demand has
increased and scientists attempted to find solutions for compensating this energy
demand. On the other hand, with the increase of energy demand and consumption,
scientist had to face another issue that our World' s energy resources are very limited
and increasing demand is consuming our limited resources and polluting our World.
This challenged the scientists to find new solutions like renewable energy sources
that compensate our world's energy demand without polluting and consuming
limited energy sources.

In this dissertation, information on technologies of renewable energy
resources is given. Wind and solar energy are emphasized but geothermal,
hydropower, wave, tidal, biomass and hydrogen energies are also discussed. Current
information and proposals on renewable energy applications, policies, laws,
institutions and R&D studies in Turkey are given.

Key Words. Renewable Energy Sources, Wind, Photovoltaic
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1. INTRODUCTION Cemal ZERAY

1. INTRODUCTION

Technology is developing day by day very rapidly. These developments
affect all creatures dead or alive. In addition, human population and the requirement
of energy is also increasing. The energy which human being need every day comes
from resources. Resources are divided into two parts which are named as renewable
and nonrenewable resources. Nonrenewable resources can be used once. The most
used nonrenewable resources are coa and petroleum. Because of the cost of these
resources and the lack of their reserve in the world, human being is forced to look
for different sources. Nonrenewable resources are also polluting the world and
causing global warming problems. Achieving solution to environmental problems
that we face today requires long-term potential actions for sustainable development.
In this regard, renewable energy resources appear to be the one of the most efficient
and effective solutions. Renewable resources can be used repeatedly. They are
unlimited, clean, practical, economical and environmentally friendly.

The majority of renewable energy technologies are powered by the sun. The
Earth Atmosphere system is in equilibrium such that heat radiation into space is
equal to incoming solar radiation, the resulting level of energy within the Earth-
Atmosphere system can roughly be described as the Earth's "climate The
hydrosphere (water) absorbs a major fraction of the incoming radiation. Most
radiation is absorbed at low latitudes around the equator, but this energy is dissipated
around the globe in the form of winds and ocean currents. Wave motion may play a
role in the process of transferring mechanical energy between the atmosphere and the
ocean through wind stress. Solar energy is also responsible for the distribution of
precipitation which is tapped by hydroelectric projects, and for the growth of plants
used to create biofuels.

Renewable energy flows involve natural phenomena such as sunlight, wind,
tides and geothermal heat, asthe International Energy Agency explains:

Renewable energy is derived from natural processes that are replenished
constantly. In its various forms, it derives directly from the sun, or from heat
generated deep within the earth. Included in the definition is electricity and heat
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generated from solar, wind, ocean, hydropower, biomass, geothermal resources, and
biofuels and hydrogen derived from renewable resources.

Each of these sources has unique characteristics which influence how and
where they are used.

The aim of this study is to give information on technologies of renewable
energy resources. An extensive literature study is done to collect technological
knowledge. Wind and photovoltaic (PV) energy are emphasized and explained in
detail in Chapter 2 and 3. System mechanical and electrical components, modeling,
formulation and grid interaction issues are presented. In Chapter 4, other renewable
energy systems geothermal, hydropower, wave, tidal, biomass and hydrogen energy
are discussed. System configurations, mechanical and electrical parts are explained.

In Chapter 5, renewable energy applications and policies in Turkey are
discussed. Applications and current status of each renewable energy resource,
government policies, institutions, laws, barriers and R&D studies are presented in
detail. Proposals are mentioned for improvement in related subjects.

Finally, conclusions of this study and references are given. In short words,
this study presents a detailed up to date review on renewable energy resources and
applicationsin Turkey.
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2. WIND ENERGY

2.1. Main Componentsof A Wind Turbine

The electrical power produced by wind turbine generators has been increasing
steadily, which directly pushes the wind technology into a more competitive area.
Basically a wind turbine consists of a turbine tower, which carries the nacelle, and
the turbine rotor, consisting of rotor blades and hub. Most modern wind turbines
have three rotor blades usually placed upwind of the tower and the nacelle. On the
outside the nacelle is usually equipped with anemometers and a wind wane to
measure the wind speed and direction, as well as with aviation lights. The nacelle
contains the key components of the wind turbine, e.g.the gearbox, mechanical
brakes, electrical generator, control systems, etc. The wind turbines are not only
installed dispersedly on land, but also combined as farms with capacities of hundreds
MWs. The main components of a modern wind turbine system are illustrated in Fig.
2.1, including the turbine rotor, gearbox, generator, transformer and possible power
electronics.

Mechanical Power Electrical Power

Wind Power

Gearbox Power converter Power .
Rotor (optional) Generator (optional) transformer Supply grid

A =@ = == [T

Power conversion Power Power conversion Power conversion &
& control transmission & control Power transmission

Figure 2.1. Main components of a wind turbine (Chen and Blaabjerg,2009)

Wind turbines capture the power from wind by means of the turbine blades and
convert it to mechanical power. The conversion of wind power to mechanical power is
done aerodynamically. The available power depends on the wind speed but it is
important to be able to control and limit the power at higher wind speed to avoid
damage. The power limitation may be done by stall control (the blade position is fixed
but stall of the wind appears along the blade at higher wind speed), or active stall (the
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blade angle is adjusted in order to create stall along the blades) or pitch control
(the blades are turned out of the wind at higher wind speed), which result in power
curves as shown in Figure 2.2 (Chen and Blaabjerg,2009;Chen,Guerrero and
Blaabjerg,2009)

Parane [p] Sralll &g re ermen | pu] Nl stall pemived Powaer Jpuf Pitch contirel

T r W n
Wimd gpeed e e s [ Whind apepad [rase]
(ak [k ®)

Figure 2.2.Power characteristics of fixed speed wind turbines (Chen and Blaabjerg,
2009;Chen,Guerrero and Blaabjerg,2009)

The common way to convert the low-speed, high torque mechanical power to
electrical power is using a gearbox and a generator. The gearbox adapts the low
speed of the turbine rotor to the high speed of generator mechanically. The generator
converts the mechanical power into electrical power. The most common types of
electrical machines used in wind turbines are induction generators and synchronous
generators.

Mainly three types of typical wind generator systems exist . Thefirst typeisa
constant-speed wind turbine system with a standard squirrel-cage induction generator
(SCIG) directly connected to the grid. The second type is a variable speed wind
turbine system with a doubly fed induction generator (DFIG) or wound rotor
induction generator. The power electronic converter feeding the rotor winding has a
power rating of approximately 30% of the rated power; the stator winding of the
DFIG is directly connected to the grid. Wound rotor induction generator has a rotor
with copper windings, which can be connected to an external resistor or to ac
systems via power electronic systems. The third type is a variable speed wind
turbine with full-rated power electronic conversion system and a synchronous
generator or a SCIG. A multi-stage gearbox is usually used with the first two types of
generators. Synchronous generators, including permanent magnet generator, may be
direct driven, though a low ratio gear box system, one or two stage gearbox, becomes
an interesting option.
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While most of the turbines are nowadays connected to the medium-voltage
system, large offshore wind farms may be connected to the high-voltage and extra
high-voltage systems. The transformer is normally located close to the wind turbines
to avoid high current flowing in long low-voltage cables. The electrical protection
system of awind turbine system protects the wind turbine as well as secures the safe
operation of the network.

For long distance transmission, the transmission capacity of the cables may
be mainly occupied by the produced reactive power. In this situation high voltage
direct current (HVDC) transmission techniques may be used. The new technology,
voltage source converter based HVDC system, provides new possibilities for
performing voltage regulation and improving dynamic stability of the wind farm as it
is possible to control the reactive power of the wind farm and perhaps keep the
voltage during a fault in the connected transmission systems.(Chen and
Blaabjerg,2009;Chen,Guerrero and Blaabjerg,2009)

2.2. Wind Turbine Systems

Generally wind turbine systems can be grouped into two main categories,
1. Fixed speed wind turbines
2. Variable-speed wind turbines
Various configurations have been evolved for fixed and variablespeed wind
turbines as the technology of wind power has progressed but use of the induction

generator dominates them.

2.2.1. Fixed Speed Wind Turbineswith SCIG and Soft-Starter

For the fixed-speed wind turbine system the induction generator is directly
connected to the electrical grid as shown in Fig. 2.3. The rotor speed of the fixed-
speed wind turbine is determined by the gearbox ratio and the generator pole-pair
number. (Arabian-Hoseynabadi,Oraee and Tavner ,2010).
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120
N =12/ (21)
n
where , N is the generator speed
f isfrequency
n is pole number
Turbine By pass switch
= Transformer
S
Gearbox SCIG
Wind g i E l[; ;
Soft Starter
c _—
Pitch
Reactive
power

compensation

Figure 2.3.SCI G-based fixed-speed wind turbine with soft-starter (Chen,Guerrero
and Blaabjerg,2009)

The speed of on induction generator with 4 pole is 1500 rpm, with 6 pole is
1000 rpm and with 8 pole is 750 rpm (revolution per minute).

A Squirrel-cage induction generator (SCIG) , is connected via a transformer
to the grid and operaties a an amost fixed speed. The power can be limited
aerodynamically either by stall control,active stall or pitch control. The advantages of
wind turbines with induction generators are the simple and cheap construction, in
addition that no synchronization device isrequired. These solutions are attractive due
to cost and reliability.

This system has some disadvantages:

1. Thewind turbine has to operate at constant speed,
2. Itrequires a stiff power grid to enable stable operation,
3. It may require a more expensive mechanical construction.

SCIG can be used in fixed speed wind turbines due to the damping effect. The
reactive power necessary to energize the magnetic circuits must be supplied from the
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network or parallel capacitor banks. Connecting the induction generators to power
system produces transients that are short duration with very high inrush currents, thus
causing disturbances to both the grid and high torque spikes in the drive train of wind
turbines with a directly connected induction generator. Such a transient disturbs the
grid and limits the acceptable number of wind turbines. The high starting currents of
induction generators are usualy limited by a thyristor soft-starter. To reduce the
impact on the grid, the soft-starter aso effectively dampens the torque peaks
associated with the peak currents and hence reduces the loads on the gearbox.
(Chen,Guerrero and Blaabjerg,2009; Li and Chen,2008)

2.2.2. Variable Speed Wind Turbines

Variable-speed operation of a wind turbine system has many advantages. For
instance, the wind turbine can increase or decrease its speed if the wind speed and
torque vary. This means less wear and tear on the tower, gearbox, and other
components in the drive train. Also, variable-speed systems can increase the
production of the energy and reduce the fluctuation of the power injected into the
grid. In variable-speed systems, the generator is normally connected to the grid
through a power electronic system.

Variable speed wind turbines can be grouped into two categories, partial
variable speed control and full-rated variable speed control. Wind turbines with
partial variable speed control can also be investigated two parts. One of them is
Wounded rotor induction generator and the other is Doubly fed induction generator.
Full-rated variable speed control systems use Synchronous generator or SCIG.

2.2.2.1. Wounded Rotor Induction Generator with Rotor Resistance Control

The rotor windings are connected with variable resistors. The equivalent
resistance in the circuit can be adjusted by an electronic control system, as shown in
Figure 2.4 . The higher the resistance of the rotor windings, the higher the slip is. In
this way, the generator speed can be varied in a limited range. Conventionally, the
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connection is usually done with brushes and slip rings , which is a drawback in
comparison with the simple technical design of a cage rotor induction machine. It
also introduces parts, which raise the maintenance requirements. (Chen, Guerrero
and Blaabjerg,2009)

This circuit ill needs a soft-starter like SCIG. Both cage induction
generators and rotor resistance controlled wounded induction generators need to
operate at a supersynchronous speed to generate electricity. Both of them draw
reactive power that might be supplied from the grid or from installed compensation
equipment, such as capacitor banks or additional power electronic equipment. In
order to keep the cost as low as possible, capacitor banks are normally used. A
typical limited variable speed range is less than 10% above the synchronous speed.

Turbine
Wound Rotor Generator Transformers

Generator
[
Reactive Power

Comnpensator

‘ Firing
_% Unit

B6 Bridge IGBT

Wind

Slip
controller

»
»
Fxternal Resistance

Figure 2.4.Wounded rotor induction generator with arotor resistance converter
(Chen, Guerrero and Blaabjerg,2009)

2.2.2.2. Doubly Fed Induction Generator

The stator of a doubly fed induction generator (DFIG) is connected to the grid
directly, while the rotor of the generator is connected to the grid by electronic
converters through slip rings, as shown in Figure 2.5. (Chen, Guerrero and
Blaabjerg,2009; Arabian-Hoseyn,Oraee and Tavner,2010)
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Figure 2.5.Wind turbine topologies with double fed induction generator (Chen,
Guerrero and Blaabjerg,2009)

The generator can deliver energy to the grid at both supersynchronous and
subsynchronous speeds. The slip is varied with the power flowing through the power
electronic circuit. The advantage is that only a part of the power production is fed
through the power electronic converter. Hence, the nominal power of the power
electronic converter system can be less than the nominal power of the wind turbine.
In general, the nominal power of the converter may be about 30% of the wind turbine
power, enabling a rotor speed variation in the range of about +30% of the nominal
speed. By controlling the active power of the converter, it is possible to vary the
rotational speed of the generator, and thus the speed of the rotor of the wind turbine.
In DFIG, a multi-stage gearbox is still necessary in the drive train. (Chen, Guerrero
and Blaabjerg,2009; Li and Chen,2008)

2.2.2.3. Wind Turbine Systems With Full Rated Variable Speed Control

SCIG and synchronous generators may be integrated into power systems with
full rated power electronic converters. The wind turbines with a full scale power
converter between the generator and grid give the added technical performance.
Usually, a back-to-back voltage source converter (VSC) is used in order to achieve
full control of the active and reactive power, though with synchronous generators,
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diode rectifiers may be used but in this case, it would be more difficult to fully

control whole system.

Turbine
Synchronous PWM
Gearbox generator Capacitor COnVerter Transformer
* AC/DC J_ DCJ/AC
converter —|— converter
Wind

DC
Pitch

AC

Figure 2.6.Wind turbines with synchronous generator for full rated variable speed
(Chen, Guerrero and Blaabjerg,2009; Li and Chen,2008)

Since the generator is decoupled from the grid in this system, the generator
can operate & a wide variable frequency range for optimal operation while the
generated active power will be sent to the grid through the grid-side converter that
can be used for controlling the active and reactive power independently and dynamic
response may be improved. A multi-stage gearbox is usually used with SCIG, WRIG
and DFIG. Synchronous generators, including permanent magnet generator, may be
direct driven, though a low ratio gear box system, one or two stage gearbox, becomes

an interesting option. (Chen and Blaabjerg,2009;Chen,Guerrero and Blaabjerg,2009;
Li and Chen,2008)

2.3 Power and Energy at Wind Turbines

In the wind energy, E is equivalent to flux of the moving air mass, m; kinetic
energy with a speed, v as

E= imv2 (2.2)

10



2. WIND ENERGY Cemal ZERAY

Since, the measurement of m is aimost impossible in aero-dynamics one can
express it in terms of volume, V. It is preferable to convert the volume to specific
mass p=m/V (p isair density) Hence, the substitution of minto Equation (2.2) gives,

E= ivaz (233)

The volume can be expressed as V=AL (Volume = Area* Length) inwhich A
is vertical control cross-section and L is the horizontal distance. Physically, L= vt

( Distance = Velocity * time ) and its substitution into Equation (2.3) lead to
(Sahin,2004)

E= %pAtv3 (2.4)
The Power (P) isthe energy in per time.
1’=%pAv3 (2.5)

We can write = R? (R is turbine rotor radius) instead of area (A) and we can
add this formula C, (turbine power coefficient) and its substitution into Equation
(2.5) gives,

P= ian2v3Cp (2.6)

Formula (2.6) shows that, the power is proportional to cube of wind speed.

C, is the turbine power coefficient that represents the power conversion
efficiency of a wind turbine. C, is a function of the tip speed ratio (TSR), A, A is
equal,

A= 2.7

v

V; isthe rotational speed, Ris radius of rotor and v is the wind speed.

11
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The rotor efficiency curve C, (A) is a nonlinear function of the TSR, A ,
which is determined by the blade design and the pitch angle. Relationship between
the TSR and the power coefficient (with a fixed pitch angle) is shown in Figure 2.7.
At ideal condution, Maximum C, value can be 16/27=0,593. This value is named
Betz limit. (Chen,Guerrero and Blaabjerg,2009;Sahin,2004)

[%]

T/ 1\
J /)
| N

: § ¥ " 7 hRA

Figure 2.7.Relationship between the TSR and the power coefficient (Chen,Guerrero
and Blaabjerg,2009)

2.4. M aximum Power Control at Wind Turbines

The relationship between the wind speed and the power generated by the
wind turbine is shown in Figure 2.8. The blades start to move around 4 m/s, and
optimal aerodynamic efficiency is achieved up to the rated wind speed, about 15 nmy/s.
Between the rated wind speed and 25 m/s, the power delivered is limited in order to
avoid overloading on the wind turbine system. Over the cutout wind speed, the
turbine has to be stopped in order to avoid damages.

12
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Figure 2.8.0utput power of awind turbine as a function of the wind speed
(Chen,Guerrero and Blaabjerg,2009)

The power electronic converter may control the turbine rotation speed to get
the maximum possible power by means of maximum power point tracking (MPPT)
algorithm. In this way, it is possible to avoid exceeding the nominal power if the
wind speed increases. At the same time, the dc-link capacitor voltage is kept as
constant as possible, achieving a decoupling between the turbine-side converter and
the grid-side converter. During the optimal efficiency wind speed range, the wind
generator may be adjusted to follow MPPT. There are some methods to perform

maximum power control for wind turbines. (Chen,Guerrero and Blaabjerg,2009)

2.4.1. Tip Speed Ratio (TSR) Control

Figure 2.9 shows this kind of maximum power controller, which needs the
wind speed measured by an anemometer. The controller regulates the wind turbine
speed to maintain an optimal TSR. However, the accurate wind speed may be
different to obtain. In Addition, the use of an external anemometer increases the
complexity and cost of the system.

13
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Figure 2.9.Block diagram of the TSR control (Chen,Guerrero and Blaabjerg,2009)

2.4.2. Power Signal Feedback (PSF) Control

This control, depicted in Figure 2.10, requires the knowledge of the
maximum power curve of the turbine. The speed of the wind turbine is used to select
the stored power curve, which gives the target power to be tracked by the system.In
many cases, this power curve may be substituted by a predictor or observer of the

wind speed as a function of the power and the wind turbine speed.

p*

»| Wind Energy » ik
i Controller > Sytstem » V
P
y

Figure 2.10.Block diagram of the PSF control (Chen,Guerrero and Blaabjerg,2009)

2.4.3. Hill Climbing Searching (HCS) Control

When the wind-turbine speed increases, the output power should normally
increase as well, otherwise the speed should be decreased after the maximum power
point shown in Figure 2.11. However, this method could be ineffective for large
wind turbines, since the large turbines are difficult to adjust the speed fast. In
practice, Maximum power controllers may use combinations ot the aforementioned

three techniques.

14
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Figure 2.11.Block diagram of the HCS control (Chen,Guerrero and Blaabjerg,2009)

2.5. Wind Farm Configurations and Offshore Wind Farms

Merger of alarge number of wind turbines form wind farms. Wind farms can
also be called wind stations or wind parks.Wind farms can be built in offhore. This
type of wind farm is called Offshore wind farm. A typical scheme of wind farmis as
shown in Figure 2.12.

X LINE
12 MW windmill equivalent E @ — / ; CONNECTION POINT
0.7 kVZz 30 kv

No-load compensation

ﬁ INCOMING WIND

Figure 2.12.The scheme of the Wind Farms (Akhmatov and Knudsen,2002)
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Wind projects need a large area to achieve significant levels of energy
production, however, it may not be easy to find suitable sites for land-based wind
farms, while offshore wind farms have no such problems. Other advantage of
moving turbines to offshore is that wind speed is more consistent and less turbulent,
therefore more energy production and less wear and tear on turbines.

Wind farms may present a significant power contribution to the grids, and
therefore, play an important role on the power quality and the control of power
systems. Consequently, high technical demands are expected to be met by these
generation units, such as to perform frequency and voltage control, regulation of
active and reactive power, quick responses under power system transient and
dynamic situations, for example, it may be required to reduce the power from the
nominal power to 20% power within 2 s. The power electronic technology is again
an important part in both the system configurations and the control of the wind farms
in order to fulfill these demands. Some possible electrical configurations of wind
farms are shown in below figures. (Chen,Guerrero and Blaabjerg,2009; Akhmatov
and Knudsen,2002)

A wind farm equipped with Double fed induction generator and power
electronic converters as shown in Figure 2.13, can perform both active and reactive
power control also operate the wind turbines in variable speed to maximize the
captured energy as well as reduce mechanical stress and noise. This system can be
called System A.

Transformer

Gearbox

Ac-grid On-shore

L
T |bc
Pitch AC
pc L [ AC
Gearbox
_ N\
Pitch AC _L_|pc
oc | T AC

Figure 2.13.DFI G system with ac grid (System A) ( Chen and Blaabjerg,2009;
Chen,Guerrero and Blaabjerg,2009)
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Figure 2.14 shows a wind farm with induction generators. A STATCOM or
SVC can be used to provide the reactive power to meet the system reactive power
and voltage control requirements. It can help to control the voltage as well as to
provide the reactive power demanded by the induction generators in the wind farm.
This system can be called System B.

Gearbox IG Transformer
— /A : i i : Ac-grid On-shore
\
J
Pitches
Active Stall
IG Reactive
Gearbox Compensator

ASVC/STATCOM

Figure 2.14.1nduction generator with ac grid (System B) (Chen and Blaabjerg,2009;
Chen,Guerrero and Blaabjerg,2009)

For long distance transmission of power from an offshore wind farm, HYDC
may be an interesting option. In a HVDC transmission, the low or medium AC
voltage at the wind turbines/farms is converted into a DC voltage, the DC power is
transferred to the onshore system, then it is converted back into AC power as shown
in Figure 2.15 and Figure 2.16. First system can be called System C and second
system can be called System D.

Gearbox

DC AC

Pitch

Gearbox IG

DPitrh

Figure 2.15.Speed-Controlled |G with common dc bus (System C) (Chen and
Blaabjerg,2009; Chen,Guerrero and Blaabjerg,2009)
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Figure 2.16.SpeedControlled |G with common ac grid and dc transmission(SystemD)
(Chen and Blaabjerg,2009; Chen,Guerrero and laabjerg,2009)

The HVDC transmission system may be either the conventional thyristor
based technology or the voltage source converter based technology. At System C,
each wind turbine has its own power electronic converter, so0 it possible for each
wind turbine to operate a an indivual optimal speed. At System D, wind turbines are
connected as an AC network in the wind farm, therefore each wind turbine does not
need a seperated power electronic converter system.

There are also possibilities, such a field excited synchronous machines or
permanent magnet synchronous generators, that can be sued in the systems, as
System C and D. In the case of a multiple-pole generator,the multi-stage gearbox
may be removed or replaced by a lower ratio gearbox.

We can compare all systems with each others. A comparison of topologies is
givenin Table 1. Asit can be seen, the wind farms have interesting features in order
to act as a power source to the grid. Some have beter abilities then others. The
overall considerations will include production, investment, maintenance and
reliability. (Chen and Blaabjerg,2009; Chen,Guerrero and Blaabjerg,2009)

18
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Table 2.1.Comparison of four wind farm topologies (Chen and Blaabjerg,2009;
Chen,Guerrero and Blaabjerg,2009)

Farm Configuration A B C D
Individual speed control Yes No Yes No
Control active power electronically Yes No Yes Yes
Control reactive power Yes Centralized Yes Yes
Short circuit (active) Partly Partly Yes Yes
Short circuit power Contribute Contribute No No
Standby-function Yes No Yes Yes
Softstarter needs No Yes No No
Rolling capacity on grid Yes Partly Yes Yes
Investment + ++ + +
Maintenance + ++ + +

Note : ++ is better than +.

2.6. Power Quality and Grid Interaction

Power quality means electricity generation performance of the wind turbine
and its impact on the grid.While wind power plant is being established, weak grid
and the regions of transmission lines should be avoided. The impact of wind turbines
to grid usually shows itself as voltage sag and swell (decrease or increase in voltage).
This can occur dueto below causes.

Harmonic (>50 Hz)
Flicker (0.01-35 Hz)
Over voltage (<0.01 Hz)
Transients

w W w wWw

In addition to voltage changes, the reactive power requirement of wind
turbine from grid is also on unwanted situation. Events like power generation,
turbulence intensity and wind shift depends on terrain and meteorological conditions.
During active and reactive power production and consumption, sags and swells can
occur. Events that cause at voltage changes are shown in Table 2. These voltage
changes can be calculated by using power and grid impedance. Flicker means that
voltage oscillations of voltage up to 35 Hz. (Ozakturk,2007)
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Table 2.2.Voltage changes and causing events (Ozakturk,2007)

Parameter

Events

Voltage Sags / Swells

Power production

Voltage Oscillations

Wind shift, Turbulence intensity, Wind speed

Harmonics

Frequency converter, Thyristor Control

Reactive Power Consumption

Generator Operator

Voltage Transients and Voltage Extreme

Switching

When wind power plants are connected to national grid in Turkey, the most

important main point is that the capacity of power plants in the region should not

exceed 5% of the grid short-circuit capacity. This is limiting factor for wind power

investments. In Turkey attractive places for wind power are usually located along the

coasts where local energy consumption is low. These areas are grid’s weak end

points where line capacities are limited. This is a limiting factor for wind power

investments in Turkey. Transmission company (TEIAS) and regulating committee

(EPDK) are studying for improving wind power investments capacity.
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3. PHOTOVOLTAIC (PV) ENERGY

A Photovoltaic (PV) system directly converts sunlight into electricity. The
basic device of a PV system is the PV cell. A set of connected cells form a panel.
Panels are generally composed of series cells in order to obtain large output voltages.
Panels with large output currents are achieved by increasing the surface area of the
cells or by connecting cells in parallel. A PV array may be either a panel or a set of
panels connected in series or parallel to form large PV systems. (Villalva, Gazoli and
Filho, 2009).

PV energy applications can be divided into two categories: one is stand-alone
system and the other is grid-connected system. Stand-alone system requires the
battery bank to store the PV energy and it is suitable for low-power system. (Maris,
Kourtesi, Ekonomouc and Fotis, 2007). Stand-alone PV systems, shown in Figure
3.1, are used in remote areas with no accessto a utility grid. (Nayar, Islam, Dehbonei
and Tan, 2006).

Charge
regulator AC
unit Battery Inverter Load

P
Panel

Figure 3.1. Stand-Alone Photovoltaic Systems Block Diagram (Nayar, Islam,
Dehbonei and Tan, 2006)

Grid-connected system does not require the battery bank and has become the
primary PV application for high-power applications. The main purpose of the grid-
connected system is to transfer maximum solar array energy into grid with a unity
power factor. Because of the high cost of PV modules, PV generation systems are
attractive only for remote isolated areas and for small-scale applications such as PV

refrigerators and water-pumping systems. (Maris, Kourtes, Ekonomouc and Fotis,
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2007). Grid-connected PV power offers consumers both economic and
environmental advantages. Where utility power is available, consumers can use a
grid-connected PV system to supply a portion of the power they need while using
utility-generated power at night and on very cloudy days.

3.1. System Components of PV Energy

A PV system for the grid-connected applications is typically composed of
five main components. 1) a PV array that converts solar energy to electric energy, 2)
a dc-dc converter that converts low dc voltages produced by the PV arrays to a high
dc voltage, 3) an inverter that converts the high dc voltage to a single- or three-phase
ac voltage, 4) a digital controller that controls the converter operation with MPPT
capability, and 5) a AC filter that absorbs voltage/current harmonics generated by the
inverter. (Liu,Wu and Cheng, 2004).

Photovoltaic DC/DC DC/AC House Utility
Array Converter Inverter

"8

Figure 3.2. Block diagram of grid-connected Photovoltaic system (Liu,Wu and
Cheng, 2004)

MPPT Inverter
Control Control

3.1.1. Photovoltaic Cdl

A photovoltaic cell is basically a semiconductor diode whose p—n junction is
exposed to light. Photovoltaic cells are made of several types of semiconductors
using different manufacturing processes. The monocrystalline and polycrystalline
silicon cells are the only found at commercial scale at the present time. Silicon PV
cells are composed of a thin layer of bulk Si or athin Si film connected to electric
terminals. One of the sides of the Si layer is doped to form the p—n junction. A thin
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metallic grid is placed on the Sun-facing surface of the semiconductor. Figure 3.3
roughly illustrates the physical structure of a PV cell. (Villalva, Gazoli and Filho,

2000).
light

I_C*_\?

metal grid — -

n | «— semiconductor

| p | +—— layers
metal base —

Figure 3.3.Physical structure of aPV cell (Villalva, Gazoli and Filho, 2009)

The incidence of light on the cell generates charge carriers that originate an
electric current if the cell is short-circuited. Charges are generated when the energy
of the incident photon is sufficient to detach the covalent electrons of the
semiconductor ; this phenomenon depends on the semiconductor material and on the
wavelength of the incident light. Basically, the PV phenomenon may be described as
the absorption of solar radiation, the generation and transport of free carriers at the
p— junction, and the collection of these electric charges at the terminals of the PV
device. (Villalva, Gazoli and Filho, 2009).

The rate of generation of electric carriers depends on the flux of incident light
and the capacity of absorption of the semiconductor. The capacity of absorption
depends mainly on the semiconductor bandgap, on the reflectance of the cell surface
(that depends on the shape and treatment of the surface), on the intrinsic
concentration of carriers of the semiconductor, on the electronic mobility, on the
recombination rate, on the temperature, and on several other factors. (Villalva,
Gazoli and Filho, 2009).

The solar radiation is composed of photons of different energies. Photons
with energies lower than the bandgap of the PV cell are useless and generate no
voltage or electric current. Photons with energy superior to the bandgap generate
electricity, but only the energy corresponding to the bandgap is used - the remainder
of energy is dissipated as heat in the body of the PV cell. (Villalva, Gazoli and Filho,
2009).
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3.1.2. DC-DC Converters

It is widely known that dc—dc converters increase or decrease the magnitude
of the dc voltage and/or invert its polarity. This is accomplished by the pulsewidth
modulation (PWM) technique, usually to a constant frequency. The duty cycle (D) is
the ratio of the time of conduction (Ton) to the switching period (Ts). The three basic
configurations of converters (buck, boost, and buck—boost derived) are similar to a
dc transformer, both in CCM and discontinuous conduction mode (DCM). In a dc
transformer, the relationship of transformation can be controlled electronically by
changing the duty cycle of the converter in the range. (Aranda, Galan, Sidrach and
Marquez, 2009).

Several topologies such as buck—boost (single inductor), Zeta,Cuk, and
SEPIC provide the same conversion ratio and same input resistance. Nevertheless, in
buck—boost and Zeta topologies, the input current is always discontinuous because
the switch is located in series with the panel causing great harmonic components in
the current, and therefore producing high-input ripple and significant noise problems.
(Aranda, Galan, Sidrach and Marquez, 2009).
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Figure 3.4. Different converters analyzed : (a) buck converter, (b) boost converter,
(c) buck—boost single - inductor converter, (d) SEPIC converter, (€) Cuk

converter, and (f) Zeta converter. (Aranda, Galan, Sidrach and Marquez,
2009)
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The Cuk and SEPIC converters exhibit nonpulsating input current; therefore,
the sweep of the I-V curve is carried out in a more reliable and less noisy way, so
these topologies are more suitable. (Aranda, Galan, Sidrach and Marquez, 2009).
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Figure 3.5. Representation of input resistance versus duty cycle for CCM
(Aranda,Galan, Sidrach and Marquez, 2009)

3.1.3. Inverters

Inverters convert power from DC to AC while rectifiers convert it from AC to
DC. Many inverters are bi-directional, i.e. they are able to operate in both inverting
and rectifying modes. (Nayar, Islam, Dehbonei and Tan, 2006).

The past technology, illustrated in Figure 3.6 a, was based on centralized
inverters that interfaced a large number of PV modules to the grid. The PV modules
were divided into series connections (called a string), each generating sufficiently
high voltage to avoid further amplification. These series connections were then
connected in parallel, through string diodes, in order to reach high power levels.
(Kjaer, Pedersen and Blaabjerg, 2005).

The present technology consists of the string inverters and the ac module. The
string inverter, shown in Figure 3.6 b, is areduced version of the centralized inverter,
where a single string of PVmodules is connected to the inverter. The present
solutions use self-commutated dc—ac inverters, by means of IGBTs or MOSFETS,
involving high power quality in compliance with the standards. (Kjaer, Pedersen and
Blaabjerg, 2005).
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Figure 3.6. Historical overview of PV inverters. (a) Past centralized technology. (b)
Present string technology. (c) Present and future multi-string technology.
(d) Present and future ac-module and ac cell technologies. (Kjaer,
Pedersen and Blaabjerg, 2005)

The multi-string inverter depicted in Figure 3.6 c is the further development
of the string inverter, where several strings are interfaced with their own dc—dc
converter to a common dc—ac inverter. This is beneficial, comparedwith the
centralized system, since every string can be controlled individually. Thus the
operator may start his’her own PV power plant with a few modules. (Kjaer, Pedersen
and Blaabjerg, 2005).

N bc
| /DC

Grid

Grid Grid
DC } " pc/H bc } ~1 oc DC :EI‘,)
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a) b) c)
Figure 3.7. Threetypes of PV inverters. (Kjaer, Pedersen and Blaabjerg, 2005)
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Figure 3.7 shows three cases of single and multiple-stage inverters. The
inverter of Figure 3.7 a is a single-stage inverter, which must handle all tasks itself,
i.e.,, MPPT, grid current control and, perhaps, voltage amplification. Figure 3.7 b
depicts a dual-stage inverter. The dc—dc converter is now performing the MPPT (and
perhaps voltage amplification). Dependent on the control of the dc—ac inverter, the
output from the dc—dc converters is either a pure dc voltage (and the dc—dc converter
is only designed to handle the nominal power), or the output current of the dc—dc
converter is modulated to follow a rectified sine wave (the dc-dc converter should
now handle a peak power of twice the nominal power). Finally, Figure 3.7 c is the
solution for the multi-string inverter. The only task for each dc—dc converter is
MPPT and perhaps voltage amplification. The dc—dc converters are connected to the
dc link of a common dc—ac inverter, which takes care of the grid current control.
(Kjaer, Pedersen and Blaabjerg, 2005).

Grid Grid
7 0C }|@j—no EEAC} DC jEAC_
/e kT | /AC AC AC DC |
5 HFT ) HFT

Figure 3.8. Examples of transformer-included inverter solutions. (a) Line-frequency
transformer (LFT) is placed between the grid and the inverter. (b) High-
frequency transformer (HFT) is embedded in an HF-link grid-connected
ac/ac inverter. (¢) HFT is embedded in a dc-link PV-module-connected
dc—dc converter. (Kjaer, Pedersen and Blaabjerg, 2005)

Some inverters use a transformer embedded in a high-frequency dc—dc
converter or dc—ac inverter, others use a line-frequency transformer toward the grid
and, finally, some inverters do not include a transformer at all (see Figure 3.8). The
line-frequency transformer is regarded as a poor component due to increased size,
weight, and price. Modern inverters tend to use a high-frequency transformer. This
results in entirely new designs, such as the printed circuit board (PCB) integrated
magnetic components (Kjaer, Pedersen and Blaabjerg, 2005).

Multilevel converters have been mainly used in medium- or high-power
system applications, such as static reactive power compensation and adjustable-speed
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drives. In these applications, due to the limitations of the currently available power
semiconductor technology, a multilevel concept is usually a unique alternative
because it is based on low-frequency switching and provides voltage and/or current
sharing between the power semiconductors. (Daher, Schmid and Antunes, 2008).

On the other hand, for low-power systems (< 10 kW), multilevel converters
have been competing with high-frequency pulsewidth-modulation converters in
applications where high efficiency is of major importance. (Daher, Schmid and
Antunes, 2008).

1|+
|

-

Figure 3.9. Diode clamped Topology (NPC) (Daher, Schmid and Antunes, 2008)

Figure 3.9 shows a three-level neutral-point-clamped (NPC). It was the first
widely popular multilevel topology, and it continues to be extensively used in
industrial applications. Later, the NPC inverter was generalized for a greater number
of levels, using the same concept of diode-clamped voltage levels, which resulted in
the current designation of a diode-clamped converter. (Daher, Schmid and Antunes,
2008).
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Figure 3.10. Flying Capacitor Topology (Daher, Schmid and Antunes, 2008)

The three-level flying capacitor topology, as shown in Figure 3.10, can be
considered as a good aternative to overcome some of the NPC topology drawbacks.
In this topology, additional levels and voltage clamping are achieved by means of
capacitors that “float” with respect to the dc source reference. It does not require
additional clamping diodes and provides redundant switch states that can be used to
control the capacitor charge even under loads with the dc level. Nevertheless, larger
structures require a relatively high number of capacitors, and additional circuits are
also required to initialize the capacitor charge. (Daher, Schmid and Antunes, 2008).

I

J L8}

Figure 3.11. Cascaded H-Bridge Topology (Daher, Schmid and Antunes, 2008)
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The cascade topology (see figure 3.11) allows the use of dc sources with
different voltage values, and high-resolution multilevel waveforms can be achieved
with arelatively low number of components. In addition, dc sources can be added or
subtracted, which can increase the number of output levels. (Daher, Schmid and
Antunes, 2008).

Figure 3.12. Multiple Transformer Topology (Daher, Schmid and Antunes, 2008)

Figure 3.12 shows a multiple-transformer topology composed of two cells. It
is similar to the cascaded H-bridge topology, but the outputs of the isolation
transformers are cascaded instead of directly cascading the H-bridge outputs. As a
result, only one dc source is required. (Daher, Schmid and Antunes, 2008).

<.
D g6

0 Q

Figure 3.13. Multiple source topology (Daher, Schmid and Antunes, 2008)
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The multiple-source topology, as shown in Figure 3.13, uses several isolated
dc sources to produce a rectified multilevel waveform, which is then converted into
an ac voltage. In practice, the multiple-source topology is one of the most efficient
multilevel topologies currently available. (Daher, Schmid and Antunes, 2008).

Figure 3.14. Multiwinding transformer topology (Daher, Schmid and Antunes, 2008)

The multiwinding-transformer topology can be considered as a variation of
the multiple-source topology. A three-cell multiwinding inverter is shown in Figure
3.14. Unlike the multiple-source topology, the multiwinding topology requires only a
single dc input, which is achieved using a multiwinding line-frequency transformer.
It provides input-output isolation, and because it employs only one transformer, high
efficiency can be achieved. The major disadvantage is the relatively high number of
switches presented in the output stage. (Daher, Schmid and Antunes, 2008).

Figure 3.15 shows an eight-module modular topology that has been recently
proposed for high-power applications. (Daher, Schmid and Antunes, 2008).
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Figure 3.15. Modular topology (Daher, Schmid and Antunes, 2008)

Figure 3.16 shows the single-phase multi-string five-level inverter topology.
It consists of three dc-dc boost converters connected to a common dc bus, an
auxiliary circuit and a full-bridge inverter configuration. Input sources, PV string 1,
PV string 2 and PV string 3 are connected to the inverter via the dc-dc boost
converters. Since the proposed inverter is used in a grid-connected PV system, the
utility grid is used instead of a load. Multi-string approach is adopted since each dc-
dc-converter can independently perform maximum power point tracking (MPPT) for
its PV strings. Multi-string approach is adopted since each dc-dc-converter can
independently perform maximum power point tracking (MPPT) for its PV strings.
(Abd and Selvaraj, 2009).
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Figure 3.16. Single-phase multi-string five-level inverter topology (Abd and
Selvaraj, 2009)

3.1.4. Batteries

Stand-alone PV energy system requires storage to meet the energy demand
during periods of low solar irradiation and night time. Several types of batteries are
available such as the lead acid, nickel-cadmium, lithium, zinc bromide, zinc
chloride, sodium sulfur, nickel-hydrogen, redox, and vanadium batteries. The
provision of cost-effective electrical energy storage remains one of the major
challenges for the development of improved PV power systems. Typically, lead-acid
batteries are used to guarantee several hours to a few days of energy storage. Their
reasonable cost and general availability has resulted in the widespread application of
lead-acid batteries for remote area power supplies despite their limited lifetime
compared to other system components. The following factors are considered in the
selection of batteries for PV applications (Nayar, Islam, Dehbonei and Tan, 2006) :

- Deep discharge (70-80% depth of discharge).

- Low charging/discharging current.

- Long duration charge (slow) and discharge (long duty cycle).
- Long lifetime.

- Less maintenance requirement.

- High energy storage efficiency.

- Low cogt
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3.2. Modelling PV Céllsand Arrays

The equivalent circuit of the solar cell is composed of the internal serial
resistance (Rs) and the shunt resistance (Rs,) of the diode. (Park, Cha, Jung and Won
2009).

: Solar Cell Rs h
las +
loh = RL= V.

Figure 3.17. The equivalent circuit of asolar cell. (Park, Cha, Jung and Won 2009)

Figure 3.17 shows a commonly used equivalent circuit model of single PV
cell. Vs and |5 are the output voltage and current of the PV cell. Actual PV cell is
deemed to be a current source whose value equals to I, paralleling with a forward
diode. Forward current that flows through the diode is viewed as dark current 14 in
the PV cell. Rs and Ry, are the series and parallel resistance of the PV cell. Rs is made
up of surface resistance of the roof of the proliferation, body resistance of the cell,
resistance between the top and bottom electrode and PV cell as well as resistance of
the metal conductor. Ry, is mainly caused by the following factors: the surface
leakage current along the edge of the cell, which is caused by the surface spots; the
leakage current along the small bridge that caused by the disfigurement of the micro-
cracks, grains and crystal after the electrode metal processing, or caused by the
dislocation and the irregular spread of the grains. (Xue,Yin,Wu and Peng, 2009).

The solar cell output characteristics are expressed as (Park, Cha, Jung and
Won 20009) :

q(V; + 15R5)> B 1} Vi + LR a1

Isat = Iph - Isat lexp( AKT R N
s
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In equation (3.1), it is assumed that Rs equals zero and the Rsh equals
infinity, thus, the equation can be simplified as equation (3.2) :

Iy = Ipp — Igqe [exp (%) — 1] (3.2)

where |, is the current generated by the incident light (it is directly
proportional to the sun irradiation), | IS the reverse saturation or leakage current of
the diode, q is the electron charge (1.60217646 x 10 *° C), k is the Boltzmann
constant (1.3806503 x 10 2 JK), T (in Kelvin) is the temperature of the p—n
junction and A isthe diode ideality constant.(Park, Cha, Jung and Won 2009) Figure
3.18 showsthe I-V curve and P-V curve of a photovoltaic originated from (3.2)
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Figure 3.18. Current vs Voltage (I-V) and Power vs Voltage (P-V) characteristics
for aphotovoltaic cell (Xue,Yin,Wu and Peng, 2009)

A plot of power (P) against voltage (V) for this device (Figure 3.18) shows
that there is a unique point on the |-V curve at which the solar cell will generate
maximum power. This is known as the maximum power point (Vmp, Imp). (Nayar,
Islam, Dehbonei and Tan, 2006).

The variation of the output -V characteristic of a commercial PV module as
a function of temperature and irradiation is shown in Figures 3.19 - 3.22. It can be
observed that the temperature changes mainly affect the PV output voltage, while the
irradiation changes mainly affect the PV output current. (Salas, Olias, Barado and
Lazaro, 2006).

35



3. PHOTOVOLTAIC ENERGY Cemal ZERAY

Figure 3.19 shows the |-V curves of the PV-Module. If increasing irradiance,
fluctuation of the open circuit voltage is very little. But the short circuit current has
sharp fluctuations with respect to the irradiance. However for arising operating
temperature, the variation of the short circuit current is decreased and the open
circuit voltage is decreased in a non-linear fashion. (Park, Cha, Jung and Won 2009).
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Figure 3.19. 1-V photovoltaic characteristic for four different irradiation levels
(Park, Cha, Jung and Won 2009)
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Figure 3.20. P-V photovoltaic characteristic for four different irradiation levels.
(Park, Cha, Jung and Won 2009)

36



3. PHOTOVOLTAIC ENERGY Cemal ZERAY

1.00

=*= ToaHse("C 2
0.50 B Tealsa2E0
- ToslgaBO°0 2 ‘
i
0.00

0.00 5.00 10.00 15.00 20.00 25.00
PHOTOVOLTAIC VOLTAGE (V)

PHOTOVOLTAIC CURRENT (A}
&
?
M»ﬁ"""
Ly
| et

Figure 3.21. |-V characteristics for three temperatures level (Salas, Olias, Barado
and Lazaro, 2006)
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Figure 3.22. P-V characteristic for three temperatures level (Salas, Olias, Barado
and Lazaro, 2006)

The well-known double diode model of a PV cell is described in (Sandrolini,
Artioli and Reggiani, 2010). The double-diode model in Figure 3.23 represents the
physics of amonocrystalline silicon PV module as it is more accurate than the single-

diode model. Further, this model is commonly accepted as reflecting the behaviour of
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polycrystalline silicon PV modules. Both single and double diode models, developed
and are widely used for PV cells. (Sandrolini, Artioli and Reggiani, 2010).

| el Re

Figure 3.23. Double-diode circuit model for a photovoltaic module (Sandrolini,
Artioli and Reggiani, 2010)

One of the two diodes represents the diffusion current in the p—n junction,
whereas the other is added to take the space charge recombination effect into
account. With reference to Figure 3.23, the current versus voltage characteristic 1-V

is given by the equation (Sandrolini, Artioli and Reggiani, 2010) :

V + IR, V + IR V+IR,
= o+l [exp (S =) =1 enp (S -]+ == = 0

(3.3)

where

lpn isthe photocurrent

la; | arethe diode saturation currents

n;; N arethe diode ideality factors

Rs isthe seriesresistance

Rp isthe parallel or shunt resistance

V1 =KT/q isthe thermal voltage, where k is Boltzmann’s constant

T is the PV module absolute temperature and g is the electron charge.
(Sandrolini, Artioli and Reggiani, 2010)
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The equivalent circuit for solar cells arranged in Np-parallel and Ns-series is
shown in Figure 3.24 and the mathematical equation relating the array current to the
array voltage becomes (Kim, 2006) :

|74 I.,R N, (V. I.,R
Isa = NPIPh - Nplsat {E’XP [_q <ﬂ - = S)l - 1} S (ﬂ + 511\1] S) (34)

AKT\N; N, Ry \ N, )

where N, represents the number of parallel modules. Note that each module is
composed of Ns cells connected in series; Nplyn corresponds to the short-circuit

current of the photovoltaic array. (Kim, 2006)

Figure 3.24. Photovoltaic array circuit (Kim, 2006)

MATLAB/SIMULINK simulation for the Photovoltaic array circuit in Figure
3.24 is given in (Tsai, Tu, Su, 2008). |-V and P-V caharacteristics for different
temperature and irradiation levels are also simulated in (Tsai, Tu, Su, 2008).

Another photovoltaic array circuit is described in (Maffezzoni and D’amore,
2009). The photovoltaic module is considered as composed of a large number (Ng) of
series-connected identical solar cells, Vi and Iy are indicated as the voltage and
current of the module, respectively seen in Figure 3.25. (Maffezzoni and D’amore,
2009).
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Figure 3.25. Photovoltaic array model (Maffezzoni and D’ amore, 2009)
3.3. Control Techniquesof PV Systems
3.3.1. Inverter Control

PWM (Pulse width modulation) is used for inverter controller. The block
diagram of the DSP based control method is shown in Figure 3.26 which is dicussed
in (Shireen, Srinivas and Nene, 2007).
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Figure 3.26. Block diagram of the DSP based PWM control (Shireen, Srinivas and
Nene, 2007)

A three-phase pulse width modulated (PWM) inverter acts as the interface
between the alternate energy system (which produces or stores electric energy in dc
form) and the ac power system. The dc bus voltage information is fed into the DSP
controller that generates the PWM control signals for the inverter switches and
maintains the stiffness of the ac voltages regardless of variation in the input dc bus
voltage. (Shireen, Srinivas and Nene, 2007).

Another control method for Inverter is explained in (Patcharaprakiti,
Premrudeepreechacharn and Sriuthaisiriwong, 2005). The inverter circuit converts
direct current to alternating current by using predictive current control. Predictive
current control (see Figure 3.27) provides current with sinusoidal waveform.
Therefore, the system is able to deliver energy with low harmonics and high power
factor. The inverter circuit is composed of a DC source from a boost chopper circuit,
four controllable switches (S1-S4), an inductance, and a transformer.

(Patcharaprakiti, Premrudeepreechacharn and Sriuthaisiriwong, 2005).

41



3. PHOTOVOLTAIC ENERGY Cemal ZERAY

Boost Converter Inverter Grid connected

e —
! L Diode | | —rrre
| vl L
| E’wu.-'l: Jéli} g}
| SB A ™ —~ Grid
i ] i Power
| { ! T @ | ! } ‘%ﬂm-{fﬂnnm@_
| E i i } _EE} Current
| ! | 52 54 SCNS0L

Gate Drive Current
Regulator

Predicted

Adaptive Multiplier

F Logi Current Cnmm-q—| Reference
» Fuzzy Logic 3 —
. Ve bus +¥ Signal
Vpv Iy : Voltage
Vi reference -

Regulator

Control system

Figure 3.27. Predictive current control for a Single Phase PV Inverter
(Patcharaprakiti, Premrudeepreechacharn and Sriuthaisiriwong, 2005)

3.3.2. Maximum Power Point Tracking (M PPT)

A controller that tracks the maximum power point locus of the PV array is
known as the MPPT. The points of maximum array power form a curve termed as
the maximum power locus. Due to high cost of solar cells, it is necessary to operate
the PV array at its maximum power point. (Nayar, Islam, Dehbonei and Tan, 2006).

Several maximum power point tracking (MPPT) agorithms have been
proposed from time-to-time. Some of the popular schemes are the hill climbing
method, incremental conductance method, constant voltage method, modified hill
climbing method, p method, system oscillation method and the ripple correlation
method, perturb-and-observe method, open- and short-circuit method, fuzzy logic
and artificial neural network (Liu,Wu and Cheng, 2004 ; Jain and Agarwal, 2007).
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3.3.2.1. Perturb-and-Observe M ethod

The perturb-and-observe method, also known as perturbation method, is the
most commonly used MPPT algorithm in commercial PV products. This is
essentially a “trial and error” method. The PV controller increases the reference for
the inverter output power by a small amount, and then detects the actual output
power. If the output power is indeed increased, it will increase again until the output
power starts to decrease, at which the controller decreases the reference to avoid
collapse of the PV output due to the highly non-linear PV characteristic. (Liu,Wu and
Cheng, 2004).

Measure
V(Kk),I(K)

A 4

Calculate Power
P(k) = V(K)I(K)

Vref (k) Vref (k) Vref (k) Vref (k)
= Vier (k-1) + C = Vier (k-1) - C = Vier (k-1) - C = Vier (k-1) + C
v

Return

Figure 3.28. Perturb-and-Observe Method flow chart (Liu,Wu and Cheng, 2004)

Figure 3.28 shows the flow chart of the P& O method. The present power
P(Kk) is calculated with the present values of PV voltage V (k) and current 1(k), and is
compared with the previous power P(k-1). If the power increases, keep the next
voltage change in the same direction as the previous change. Otherwise, change the
voltage in the opposite direction as the previous one. (Liu,Wu and Cheng, 2004).
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3.3.2.2. Incremental Conductance Algorithm

In the incremental conductance method, the MPP is tracked by matching the
PV array impedance with the effective impedance of the converter reflected across
the array terminals. The latter is tuned by suitably increasing or decreasing the value
of ‘M’. (Jain and Agarwal, 2007).
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Figure 3.29. Incremental Conductance Algorithm flow chart (Liu,Wu and
Cheng, 2004)

The main task of the incremental conductance algorithm is to find the
derivative of PV output power with respect to its output voltage, that is dP/dV. The
maximum PV output power can be achieved when its dP/dV approaches zero. The
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controller calculates dP/dV based on measured PV incremental output power and
voltage. If dP/dV is not close zero, the controller will adjust the PV voltage step by
step until dP/dV approaches zero, at which the PV array reaches its maximum output.
The main advantage of this algorithm over the P& O method is its fast power tracking
process. However, it has the disadvantage of possible output instability due to the use
of derivative algorithm. Also the differentiation process under low levels of
insolation becomes difficult and results are unsatisfactory. (Liu,Wu and Cheng,
2004).

3.3.2.3. p method

The other method, based on B tracking, has the advantage of both fast and
accurate tracking. It is observed that the value of B remains within a narrow band as
the array operating point approaches the MPP. Therefore by tracking B, the operating
point can be quickly driven to close proximity of the MPP using large iterative steps.
Subsequently, small steps (i.e. conventional MPPT techniques) can be employed to
achieve the exact MPP. Thus, B method approximates the MPP while conventional
MPPT technique is used to track the exact MPP. Flow chart for the p method
algorithm is given in Figure 3.30. (Jain and Agarwal, 2007).
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Figure 3.30. p method flow chart (Jain and Agarwal, 2007)
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3.3.2.4. Open- and Short-circuit M ethod

The open- and short-circuit current method for MPPT control is based on
measured terminal voltage and current of PV arrays. By measuring the open-circuit
voltage or short-circuit current in real-time, the maximum power point of the PV
array can be estimated with the predefined PV current-voltage curves. This method
features a relatively fast response, and do not cause oscillations in steady state.
However, this method cannot always produce the maximum power available from
PV arrays due to the use of the predefined PV curves that often cannot effectively
reflect the real-time situation due to PV nonlinear characteristics and weather
conditions. Also, the online measurement of open-circuit voltage or short-circuit
current causes a reduction in output. (Liu,Wu and Cheng, 2004).
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3.3.25. Fuzzy Logic and Other Algorithms

Since the PV array exhibits a non-linear current-voltage or power-voltage
characteristic, its maximum power point varies with the insolation and temperature.
Some algorithms such as fuzzy logic or artificial neural network control with non-
linear and adaptive in nature fit the PV control. By knowledge based fuzzy rules,
fuzzy control can track maximum power point. A neural network control operates
like a black box model, requiring no detailed information about the PV system. After
learning relation between maximum power point voltage and open circuit voltage or
insolation and temperature, the neural network control can track the maximum power
point online. (Liu,Wu and Cheng, 2004).
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4. OTHER RENEWABLE ENERGY SYSTEMS

4.1. Geothermal Energy

4.1.1. Using of the Geothermal Energy

Geothermal energy is abundant and renewable, but only a very small fraction
can currently be converted commercially to electricity and heating value with today’ s
technology. In recent years, the installed geothermal capacity worldwide has more
than doubled. The increase in the use of geothermal energy is the result of a multi-
disciplinary effort. Highlighted are some production engineering advances that have
played a significant part in making geothermal a competitive renewable energy
resource. Geothermal energy is going to be an attractive energy source due to rising
oil prices and environmental pollution concerns. Since the price of oil has reached its
peak and efforts are necessary to find alternative energy resources. Geothermal
energy is more attractive when compared to conventional fossil fuel systems. A
major focus of production engineering in the geothermal energy industry has been to
lower costs sufficient to allow geothermal energy to compete with other energy
sources (Y ari,2010; Gallup 2009).

Compared to oil, gas, or coa, geothermal power projects are generaly
classified as clean, renewable energy sources with low or zero greenhouse gas
emissions and low to moderate environmental impact in terms of air quality, land use
and stability, and water quality. Geothermal fluids do, however, contain gases,
mainly carbon dioxide, which can either be released to the atmosphere in the case of
dry steam and flash plants or injected back into the reservoir in the case of binary
plants. When the gases are discharged to the atmosphere, greenhouse gas emissions
aretypically an order of magnitude less than that of a coal plant (Williamson,2010).

Geothermal Energy can generate electricity by using geothermal resources
directly or indirectly methods. The most common way of capturing the energy from
geothermal sources is to use hydrothermal systems. Cooler water coming from the
rain or water which is used by humanbeing seeps into earth’s crust. After this water
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is heated up by hot crugt, it goes up to the surface. When heated water is forced to the
surface, steam turbine is used to catch the steam. Resulting power from the steam
turbine is used to run generator. Generator generates electricity by using this steam.
Used vapour is gathered in the condenser and then it is converted to water. This
water is sent to earth crust again. Thus, the loop is maintained by the power plants.
Geothermal power plants drill their own holes into the rock to more effectively
capture the steam and to send obtained water . This system is shown in Figure 4.1.

Eactrical
Porarer b
Grid

Figure 4.1. Geothermal Energy Generation System (Gallup,2009)

4.1.2. Utilization of Geothermal Energy

Geothermal energy can be utilized as either direct heat or electricity
generation, as discussed below:

49



4.0THER RENEWABLE ENERGY SYSTEMS Cemal ZERAY

4.1.2.1. Direct Using of Geothermal Energy
It includes the following applications.
(a) Hydrothermal :

Hydrothermal resources of low to moderate temperature ( 20° - 150°C ) are
utilized to provide direct heating in residential, commercial, and industrial sectors.
These resources include space heating, water heating, greenhouse heating, heating
for aquaculture, food dehydration, laundries,and textile processes.

(b) Agriculture:

Geothermal resources are used worldwide for agricultural production. Water

from geothermal reservoirs is used to warm greenhouses to help in cultivation.

(c) Industry:

The heat from geothermal water is used worldwide for industrial purposes.
Some of these uses include drying fish, fruits, vegetables and timber products,
washing wool, dying cloth, manufacturing paper, and pasteurizing milk.
Geothermally heated water can be piped under sidewalks and roads to keep them
from icing over in a freezing weather. Thermal waters are also used to help extract
gold and silver from ore and even for refrigeration and ice-making (Sheth and
Shahidehpour,2004).

4.1.2.2. Electricity Generation (Geothermal Power Plants)
Geothermal power plants use the natural hot water and steam from the earth
to turn turbine generators for producing electricity. Unlike fossil fuel power plants,

no fuel is burned in these plants. Geothermal power plants give off water vapors but
have no smoky emissions. Geothermal electricity is for the base load power as well
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as the peak load demand. Geothermal electricity has become competitive with
conventional energy sources in many parts of the world. The geothermal power
plants are listed as follows:

a. Dry steam power plant

b. Flash steam power plant

c. Binary cycle power plant

d. Combined binary/flash power plant

(a) Dry steam power plant

Dry steam power plants are the simplest and most economical technology, and
therefore are widespread. The dry steam power plant is suitable where the
geothermal steam is not mixed with water. Production wells are drilled down to the
aquifer and the superheated, pressurized steam (180 - 350°C) is brought to the
surface at high speeds, and passed through a steam turbine to generate electricity. In
simple power plants, the low pressure steam output from the turbine is vented to the
aimosphere. This improves the efficiency of the turbine and avoids the
environmental problems associated with the direct release of steam into the
atmosphere. These cycles consume about 15-25 kg of steam per kWh of electricity
generated. Dry steam condensing cycles have condensers at the exit of the turbine
and cooling towers. The United States and Italy have the largest dry steam
geothermal resources in the world. Dry Steam power plant is shown in Figure 4.2
(Sheth and Shahidehpour,2004;Kanoglu,1999).
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Figure 4.2. Dry-Steam geothermal power plant. (Kanoglu,1999)
(b) Flash steam power plant

Flash steam plants are used to generate power from liquid-dominated resources
that are hot enough to flash a significant proportion of the water to steam in surface
equipment, either at one or two pressure stages (single-flash or double-flash plants)
asshown in Fig. 4.3 and Fig. 4.4.

In asingle flash steam technology, hydrothermal resource isin aliquid form. The
fluid is sprayed into a flash tank, which is held at a much lower pressure than the
fluid, causing it to vaporize (or flash) rapidly to steam. The steam is then passed
through a turbine coupled to a generator in dry steam plants. To prevent the
geothermal fluid flashing inside the well, the well is kept under high pressure. Flash
steam plant generators range from 10 MW to 55 MW, a standard size of 20 MW is
used in several countries.

Steam flows through a steam turbine to produce power while the brine is
reinjected back to the ground. Steam exiting the turbine is condensed by cooling

52



4.0THER RENEWABLE ENERGY SYSTEMS Cemal ZERAY

water obtained in a cooling tower or a spray pond before being reinjected. Steam
gjectors are used in all steam condensing cycles to keep vacuum conditions (under
atmospheric pressures) in the condensers. Ejectors consume some steam to
accomplish their purpose (Sheth and Shahidehpour,2004; Kanoglu,1999).

p—) {0 ejectors

steam
seperator turbine

v

condenser

}Z expansion valve
production reinjection l
well well

Figure 4.3. Single-Flash geothermal power plant. (Kanoglu,1999)
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Figure 4.4. Double-Flash geothermal power plant. (Kanoglu,1999)
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(c) Binary Cycle power plant

Binary cycle power plants are used where the geothermal resource is
insufficiently hot to produce steam, or where the resource contains too many
chemical impurities to alow flashing. In addition, the fluid remaining in the tank of
flash steam plants can be utilized in binary cycle plants. Binary cycle plants use the
geothermal brine from liquid-dominated resources usually below 170°C. In the
binary cycle process, the geothermal fluid is passed through a heat exchanger. The
secondary fluid which has a lower boiling point than water is vaporized and
expanded through a turbine to generate electricity. The working fluid is condensed
and recycled for another cycle. All of the geothermal fluid is reinjected into the
ground in a closed-cycle system. These plants operate with a binary working fluid
that has a low boiling temperature. The working fluid is completely vaporized and
usually superheated by the geothermal heat in the vaporizer. The vapor expands in
the turbine. It is then condensed in a water-cooled condenser or dry cooling tower
before being pumped back to the vaporizer to complete the cycle (Sheth and
Shahidehpour,2004; Kanoglu,1999). This system is shown in Figure 4.5

Binary cycle power plants can achieve higher efficiencies than flash steam plants
(Sheth and Shahidehpour,2004).

_ air-cooled
condenser

turbine
pump

heat exchanger

A

\ 4

production reinjection v
well well

Figure 4.5. Binary-design geothermal power plant. (Kanoglu,1999)
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(d) Combined Binary/Flash power plant

Combined flash/binary plants incorporate both a binary unit and a flashing unit to
take advantage of advantages associated with both systems as shown in Figure 4.6.
The liquid portion of the geothermal mixture serves as the input hesat for binary cycle

while the steam portion goes through a steam turbine to produce power .

steam
turhine
seperator

\ 4

air-cooled

BINARY
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»
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Figure 4.6. Combined binary/flash power plant. (Kanoglu,1999)

4.2. Hydropower Energy

Among all renewable energy sources, hydroelectricity is the most expanded
one over the world. It represents almost 94% of the renewable energy production and
20% of worldwide energetic needs. In fact, this is due to high power hydroelectric
stations, each of them producing several hundreds of megawatts, which have been
built for approximately one century. Nowadays, it is nearly no more possible to settle
such a plant in many countries because of suitable site rareness and of environmental
concerns. Nevertheless small-scale hydropower has a quite large potential of
development because of the increasing interest in renewable energies and dispersed
electrical generation. (Ansel and Robyns, 2006).

Hydropower continues to be the most efficient way to generate electricity.
Modern hydro turbines can convert as much as 90% of the available energy into
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electricity. The best fossil fuel plants are only about 50% efficient. Hydro resources
are also widely distributed compared with fossil and nuclear fuels and can help
provide energy independence for countries without fossil fuel resources. (Y uksek,
Y uksel and Kaygusuz, 2006).

4.2.1. Hydropower Stationsand Control M ethods

The large diversification in behavior of nonlinear plants across its operating
points require different control objectives and thus different control actions to be
taken for each variation in operating point. The nonlinear dynamic characteristics of
hydro plant largely depend on internal and external disturbances, set point changes,
leading to shift from its optimum operating point. The schematic of hydropower
plant isillustrated in Figure 4.7. (Kishor, Saini and Singh, 2007).

Resorvoir H Surge Tank

Generator

Hydro-turbine

Turbine gate

a) General layout

Load
Disturbance
TR o LA ) Speed
_ +/_l Deviation
Controller /| : Guide Hydraulic Turbine/ | @ /7 .
Governor | : vane systems Generator| @ \__J Grid
+ T . | servomotor t+

b) Block Diagram

Figure 4.7. Schematic of hydropower plant with its structures and components
(a) general layout form (b) block diagram form (Kishor, Saini and Singh,
2007)
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A key item of any hydro power plant is the governor. This governing system
provides a means of controlling power and frequency. The speed governor includes
all those elements, which are directly responsive to speed and position or influence
the action of other elements of the speed governing system. The speed control
mechanism includes equipment such as relays, servomotors, pressure or power
amplifying devices, levers and linkages between the speed governor and governor-
controlled gates/vanes. The speed governor normally actuates the governor-
controlled gates/vanes that regulate the water input to the turbine through the speed
control mechanism. (Kishor, Saini and Singh, 2007)

Conventionally, hydraulic-mechanical governor and electro-hydraulic type
with PID controllers are popular in use. The technologies of these governors have
developed considerably over the past years. The classical PID is the most common
form of controller used in governing. The structure of the PID controller is simple.
The three terms of the controller treat the current control error (P), past control error
(I, and predicted future control error (D). Its use ensures faster speed response by
providing both transient gain reduction/transient gain increase. The derivative termin
the control action is important in case of isolated operation. Its use results in
excessive oscillation in interconnected system. The transfer function of PID without
derivative effect in action is equivalent to that of the hydraulic-mechanical governor.
The design is based on linear control theory at one load condition and then de-tuned
for worst operating conditions. This controller design does not guarantee the close
loop system to remain stable at al operating conditions.

In recent years, digital governors have gradually replaced these analog
controllers. Recent developments in the field of control technologies impose a new
approach in the turbine control systems with application of artificial intelligence
(Al). One of the most discussed applications of artificial intelligence in turbine
governing is the replacement of a standard Electro-hydraulic governor with fuzzy
logic or neural network or hybrid controller-fuzzy logic and neural network. (Kishor,
Saini and Singh, 2007).
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4.2.2. Hydropower Station Component M odelling
4.2.2.1. Kaplan water wheel

The turbine model isabasic onei.e. it includes neither blade pitch control nor
upstream guide vane one. According to these assumptions, hydraulic turbine
behaviour may be taken into account by means of simplified static mechanical
characteristics. Indeed the water wheel efficiency depends on this quantity. Turbine
torque (T;) versus speed (L2) characteristic is assumed to be a straight line. Torque
becomes null for a rotating speed value Qe , which is the runaway speed i.e. speed
when no load torque is applied on the shaft. Qe is aturbine parameter and a value of
1.8 times the turbine rated speed €, isassumed. (Ansel and Robyns, 2006).

Torque versus speed characteristic equation under rated water flow and head
is given below : (Ansel and Robyns, 2006).

T, =T, (1.8 — Qﬂ) (4.1)

Subscript “n” is used for rated values. Mechanical power (Pn) simplified
characteristic is consequently a parabola. This power results from the hydraulic
power Pryq, Which is expressed as follows:

Phya = pgHq (4.2)

where p is the water density, g the gravity acceleration, H the water head
and q isthewater rate of flow. (Ansel and Robyns, 2006).

4.2.2.2. Shaft

The electromechanical drive speed value leads to the torques applied to the
shaft by the turbine and electrical machines according to the fundamental equation:

o

E - Tt - Tms - Tdfig (43)
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where T,,s and Tgup, are respectively the PMSM and DFIG torques and J is
the moment of inertia of all rotating parts. (Ansel and Robyns, 2006).

4.2.2.3. Permanent magnet synchronous machine
The synchronous machine is modelled using Park method in a reference

frame linked to its rotating field. It may be indicated that the transformation chosen
does not keep constant power values. (Ansel and Robyns, 2006).

_ . didms .

Vams — Rmsldms + Ld dt - Wmqulqms (4-4)
_ . diqms .

vqms - Rmslqms + Lq dt - Wms(Ldldms + (Df) (4-5)

In these equations the subscript “ms’ is related to the synchronous machine.
Subscripts “d” and “g” refer to direct and quadrature axis. vg,s ad vg,s are
PMSM voltage Park components, whereas, ig,s and i,,s are the current ones.
wps 1S the voltage and current pulsation. Rys, Lg and Ly represent respectively the

machine single phase winding resistance, single phase direct and quadrature axis

inductances.
It may be noticed that:
€ams — Wmquiqms (46)
eqms = Wms(Lqidms + (Df) (4-7)

are electromotive forces (emf) resulting from the mathematical coupling
between d and q axes. The torque produced by the PMSM is expressed as follows:

3
Tms = Epms [(Ld - Lq)idmsiqms + (Dfiqms] (48)
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if pms iSthe PMSM number of pole pairs.

This torque acts against the turbine motion when the speed is under
synchronism and contributes to drive the DFIG in hypersynchronism mode. That
means that the PMSM operates as a generator or a motor according to the rotating
speed. (Ansel and Robyns, 2006).

4.2.2.4. Doubly fed induction machine

Asthe PMSM, the DFIG is modelled using Park method in a reference frame
linked to its rotating field (the transformation chosen does not keep constant power
values). As a consequence, Equations (4.9) to (4.12) involve the stator pulsation ws
and the rotating magnetic field electric speed relative to the rotor [(Ws - Parig €2) Pafig]
is the DFIG number of pole pairs.

Vsq = Rgigq + % — ws@gq (4.9)
Voq = Rylsq + % — W, By (4.10)
bra = Rrira + 2 (0, ~ i 0 0rg (411)
Urq = Rylrg + df;q + (Ws — Darig)Dra (4.12)

In these equations subscript “s’ refer to the stator, whereas, “r” is related to
the rotor. Under these conventions, Rs, R represent the single phase winding

resitances, vgq , Vsq » Vra » Vrq @€ Voltage components, is, ir, iq, iq are current ones.
(Dsd = Lsisd + Mird (4-13)

Bsq = Lsisq + Miy, (4.14)
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Ora = Lyiva + Migg (4.15)
Orq = Lyiyg + Mig, (4.16)

Ls, L, are cyclic coefficients of self induction, whereas, M is the mutual
inductance. (Ansel and Robyns, 2006).

4.3. Wave Energy

The large and growing demand for electrical power and the environmental
impact of the current methods of filling that demand are well known. Ocean waves
represent alarge renewable energy resource which to date is largely unexploited.

Review of existing Wave Energy Converters has found that several general
mechanisms have been previously used to absorb wave energy :

1) Oscillating water columns, which use the rise and fall of water within a
chamber to drive air through aturbine connected to an electric generator.

2) Oscillating bodies - Buoyant devices, which generate power from the
vertical or rotational motion of a float.

3) Overtopping devices, where wave height is increased by focusing and/or
shoaling such that the waves will overtop a barrier and fill areservoir. The reservoir
is then drained through a hydro-electric turbine to generate electric power. (Hazlett
and Inculet, 2009).

The classification in Table 4.1 is based mostly on working principle. The
examples shown are not intended to for man exhaustive list and were chosen among
the projects that reached the prototype stage or at least were object of extensive
development effort. (Antonio, 2009).
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Table 4.1. The various wave energy technologies (Antonio, 2009)

Isolated: Pico, LIMPET

— Fixed Structure
Oscillating water In breakwater: Sakata. Mutriki
column

(with air turbine)

Floating: Mighty Whale, Ocean Energy, Sperboy, Oceanlinx

-
Essentially translation (heave): Aqua
p Buoy, IPS Buoy, FO3;, Wavebob,
. Powerbuo
Floating |< y
Oscillating bodies Essentially rotation: Pelamis,
(with hydraulic motor, < L PS Frog, SEAREV
hydraulic turbine, linear ~
electric generator) Essentially translation (heave): AWS
Submerged |< ) ;
Rotation (bottom-hinged):
\ WaveRoller, Oyster
A\
r 4

Shoreline (with concentration):
TAPCHAN

Fixed Structure |<

Overtopping
(with low-head
hydraulic turbine

In breakwater (without concentration):
SSG

N

-

Floating Structure (with concentration): Wave Dragon

4.3.1. Oscillating water column Systems

The oscillating water column (OWC) device comprises a partly submerged
concrete or steel structure, open below the water surface, inside which air is trapped
above the water free surface (Figure 4.8). The oscillating motion of the internal free
surface produced by the incident waves makes the air to flow through a turbine that

drives an electrical generator. (Antonio, 2009).
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Figure 4.8. Cross-sectional view of a bottom-standing OWC (Antonio, 2009)

4.3.2. Oscillating body systems

Offshore devices (sometimes classified as third generation devices) are
basically oscillating bodies, either floating or (more rarely) fully submerged. They
exploit the more powerful wave regimes available in deep water (typically more than
40 m water depth). Offshore wave energy converters are in general more complex
compared with first generation systems. This, together with additional problems
associated with mooring, access for maintenance and the need of long underwater
electrical cables, has hindered their development, and only recently some systems
have reached, or come close to, the full-scale demonstration stage.

The simplest oscillating-body device is the heaving buoy reacting against a
fixed frame of reference (the sea bottom or a bottom-fixed structure). In most cases,
such systems are conceived as point absorbers (i.e. their horizontal dimensions are

much smaller than the wavelength). (Antonio, 2009)
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Figure 4.9. Norwegian heaving buoy in Trondheim Fjord, 1983. (Antonio, 2009)

The system with a heaving buoy driving a linear electrical generator was
recently developed at Oregon State University, USA. It consists of a deep-draught
spar andanannular saucer-shaped buoy (Figure 4.10). The spar is taut-moored to the
sea bed by a cable. The buoy is free to heave relative to the spar, but is constrained in
all other degrees of freedom by a linear bearing system. The forces imposed on the
spar by the relative velocity of the two bodies is converted into electricity by a
permanent magnet linear generator. The spar is designed to provide sufficient
buoyancy to resist the generator force inthe downdirection. (Antonio, 2009).

Figure 4.10. Buoy with linear electrical generator (Antonio, 2009)
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The generator piston is driven by the motion of the buoy and counteracted by
a spring, see Figure 4.10. The whole generator is fixed at the seabed with the help of
a massive fundament. During a storm, the buoy will/may at some stage be
submerged, limiting the power transmitted to the energy converter. The remaining
over power is handled electrically since, this is superior to a mechanical power
control.

The design of the linear generator is highly dependent on the local wave
climate. Different design options, found through electromagnetic field simulations,
have been reported for mild to heavy ocean climates. However, up to now, there has
been no report on experimental results from a multisided permanent magnetized
three-phase cable wounded linear generator. Each direct wave energy converter will
produce a highly irregular altering current (AC), following from the reciprocal wave
motion. From a system perspective, this current needs to be rectified into direct
current (DC) before the plant is connected to the grid. (Leijon, Danielson, Eriksson,
Thorburn, Bernhoff, Isberg, Sundberg, lvanova, Sjostedt, Agren, Karlsson and
Wolfbrandt, 2006).
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Figure 4.11. Schematic figure of wave energy converter and electrical system
(Bostrom, Lejerskog, Stalberg, Thorburn And Leijon, 2009)
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There are different options for the electrical interconnection of an array of
linear energy converters. Mog of these deal with rectification and parallel connection
on the DC-side. Rectification can be achieved by, e.g. diodes, thyristors or IGBT’s
(Insulated Gate Bipolar Transistors). The final choice depends on the actual
generator topology. For example, a synchronous linear generator with permanent
magnets designed for a low load angle can operate with a diode rectifier, which is
cheap, robust and have relatively low losses.

At the same time, the choice and the control of the interconnection scheme
will directly affect the mechanical damping of the individual energy converter. Thus
the array behaviour will depend not only on the linear generators, but also on the
actual interconnection scheme and control algorithms governing the latter. The
approach so far has been to rectify the raw power into a DC voltage, as shown in
Figure 4.12. The same approach is used for other sources like under water kinetic
energy conversion since it is a simple, low cost method with additional benefits
regarding DC-transmission. At the grid connection a DC/AC converter suited for the
correct voltage has to be implemented. Studies reveal that the DC voltage at different
wave climates plays an important role in the optimisation of the whole electric
production system. (Leijon, Danielson, Eriksson, Thorburn, Bernhoff, Isberg,
Sundberg, Ivanova, Sjostedt, Agren, Karlsson And Wolfbrandt, 2006).

P98 Bee J_gue

Figure 4.12. Anexampleof cluster configuration. Each circle represents awave
energy converter producing a highly irregular alternating current (AC).
(Leijon, Danielson, Eriksson, Thorburn, Bernhoff, 1sberg, Sundberg,
Ivanova, Sjostedt, Agren, Karlsson And Wolfbrandt, 2006).
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4.3.2.1. Rectifier and Filter

The voltage variation in amplitude and frequency from the generator mainly
depends upon two things. Primarily, the translator moves in a similar fashion as the
buoy. The buoy motion is dependent upon the length, height and shape of the wave.
The translator will reach zero speed at the upper and lower turning points of its
motion and no voltage will be induced at these points. Secondly, as the dampening of
the generator is changed, the translator speed will be changed, and hence buoy
motion.

A filter that is made up of capacitors is proposed for this system. It is
designed to reduce the fluctuations mentioned above to ensure a smooth DC voltage.
If the filter had to be designed to handle the variation in power over an hour time
scales, the filterwould have to be unreasonably large. Another problem would be the
reduced control of the DC voltage for power output optimization. The value of filter

capacitance, C, can be calculated using the fundamental equations.

C= % (4.17)
I = C;—(f (4.18)
VZ

Where Q is the electric charge, V is the voltage, | is the current and E is the
energy. Assuming that the energy, AE is taken from the capacitor:

1 1
AE ==CV?%—-=CV?

The power, P, can be expressed as : (Bostrom, Lejerskog, Stalberg, Thorburn
And Leijon, 2009)
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_AE

p=—
At

(4.21)

and finally, by using Equations (4.20) and (4.21) and Ohm’s law an
expression for the capacitance can be written as :
2PAt

2 _yy2
Vmax Vmin

where P is the generated power, Vma IS the maximumvoltage, Vin is the
minimum tolerated voltage and At is the acceptable discharge time, the time between
V max @nd V min.

The simulation of the system is described in (Bostrom, Lejerskog, Stalberg,
Thorburn And Leijon, 2009). The rectifier used in the simulations and experimentsis
a six-pulse passive diode rectifier. This choice was made because of their high
efficiency and their simplicity compared to active rectifiers. Diodes only let through
current in one direction, this prevent the generators from affecting each other during
normal operation. (Bostrom, Lejerskog, Stalberg, Thorburn And Leijon, 2009).
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Figure 4.13. Installed electrical system in the measuring station. The generator can
either be connected to a delta coupled resistive load or connected to a
diode rectifier, capacitor filter and DC-resistors. (Bostrom, Lejerskog,
Stalberg, Thorburn and Leijon, 2009)
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4.3.2.2. Pitching devices

The oscillating-body wave energy converters briefly described above are
nominally heaving systems, i.e. the energy conversion is associated with a relative
translational motion. (It should be noted that, in some of them the mooring system
allows other oscillation modes, namely surge and pitch). There are other oscillating-
body systems in which the energy conversion is based on relative rotation (mostly
pitch) rather than translation.

The first versions consisted of a string of Ducks mounted on a long spine
aligned with the wave crest direction, with a hydraulic-electric PTO system. Salter
later proposed the solo duck, in which the frame of reference against which the
nodding duck reacts is provided by a gyroscope (Figure 4.14). Although the Duck
concept was object of extensive R&D efforts for many years, including model testing
at several scales, it never reached the stage of full-scale prototype in real seas.
(Antonio, 2009).

Figure 4.14. The Duck version of 1979 equipped with gyroscopes (courtesy of
University of Edinburgh) (Antonio, 2009)
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4.3.3. Overtopping converters

A different way of converting wave energy is to capture the water that is
close to the wave crest and introduce it, by over spilling, into a reservoir whereit is
stored at a level higher than the average free-surface level of the surrounding sea.
The potential energy of the stored water is converted into useful energy through more
or less conventional low-head hydraulic turbines. The hydrodynamics of overtopping
devices is strongly non-linear, and, unlike the cases of oscillating body and OWC
wave energy converters, cannot be addressed by linear water wave theory. (Antonio,
2009).

4.3.3.1. Power equipment

The electrical to be supplied to a grid, has to be generated in some kind of
electrical machine, either a more or less conventional rotating generator (as in small
hydro and wind applications) or a direct-drive linear generator. In the former case,
there has to be a mechanical interface that converts the alternative motion (of the
oscillating body or body-pair or of the OWC) into a continuous one-directional
motion. The most frequently used or proposed mechanical interfaces are air turbines,
(low and high-head) water turbines and (high-pressure oil driven) hydraulic motors.
The power equipment is possibly the singlemost important element in wave energy
technology, and underlies many (possibly most) of the failuresto date.

Air turbines equipped most of the early (small and large) wave energy
converters and are ill the favoured PTO for many development teams.
Conventional turbines are not appropriate for reciprocating flows, and so new types
of turbines had to be devised and developed. Self-rectifying air turbines were
probably the object of more published papers than any other piece of equipment for
wave energy converters.

More or less conventional low-head hydraulic turbines are used in
overtopping devices, whereas high-head (in general Pelton) turbines are an
alternative to hydraulic motorsin oscillating-body devices.
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High-pressure-oil circuits, with rams, gas accumulators and hydraulicmotors,
have been used in several oscillating-body wave energy converter prototypes,
including the Pelamis. This may be regarded as an unconventional use of
conventional equipment. (Antonio, 2009).

4.4. Tidal Energy
4.4.1. General Information

Tidal energy is the energy dissipated by tidal movements, which derives
directly from the gravitational and centrifugal forces between the earth, moon and
sun. A tide is the regular rise and fall of the surface of the ocean due to the
gravitational force of the sun and moon on the earth and the centrifugal force
produced by the rotation of the earth and moon about each other .

Tidal currents are experienced in coastal areas and in places where the sea
bed forces the water to flow through narrow channels. These currents flow in two
directions; the current moving in the direction of the coast is known as the flood
current and the current receding from the coast is known as the ebb current. The
current speed in both directions varies from zero to a maximum. The zero current
speed refers to the slack period, which occurs between the flood and ebb currents.
The maximum current speed occurs halfway between the slack periods. These tidal
variations, both the rise and fall of the tide and the flood and ebb currents, can be
utilised to generate electricity.

4.4.2. Generating Electricity for Tidal

Tidal power production applies the same principles as hydroelectric power
generation, except that tides flow in both directions and generators are designed to
respond to two directional water flows. Tidal energy consists of potential and kinetic
components. Tidal power facilities can be categorised into two main types. tidal

barrages and tidal current turbines, which use the potential and kinetic energy of the
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tides, respectively (Rourke,Boyle and Reynolds,2010 ; Sheth and Shahidehpour,
2005).

4.4.2.1. Tidal Barrages

Tidal barrages make use of the potential energy of the tides. A tidal barrage is
typically a dam, built across a bay or estuary that experiences atidal range in excess
of 5 m. Electricity generation from tidal barrages employs the same principles as
hydroelectric generation, except that tidal currents flow in both directions. A typical
tidal barrage consists of turbines, sluice gates, embankments and ship locks. The
turbines that are used in tidal barrages are either unidirectional or bi-directional, and
include bulb turbines, straflo or rim turbines and tubular turbines . Tidal barrages can
be broken into two types. single-basin systems and double-basin systems.
(Rourke,Boyle and Reynolds,2010 ; Rourke,Boyle and Reynolds,2009b)

(a) Single-basin tidal barrages

Single-basin systems consist of one basin and require a barrage across a bay
or estuary. There are three methods of operation for generating electricity within a
single basin.

§ [Ebb generation
§8 Flood generation

§ Two-way generation

Ebb generation — The simplest generating system for tidal plants in ebb generating
system as shown in Figure 4.15. The basin is filled with water through the sluice
gates during the flood tide. At high tide, the sluice gates are closed, trapping the
water in the basin. At this point extra water can be pumped into the basin at periods
of low demand, typically at night when electricity is cheap. The turbine gates are
kept closed until the tide has ebbed sufficiently to develop a substantial hydrostatic
head across the barrage . The water is let flow out through low-head turbines,
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generating electricity for several hours until the hydrostatic head has dropped to the
minimum level at which the turbines can operate efficiently. (Rourke,Boyle and
Reynolds,2010 ; Sheth and Shahidehpour, 2005).

Sluice Gates

High Water Mark

-

\ .’/,
3

Barrage

Low Water Mark

Turbine

Estuary Floor

Figure 4.15. Ebb generating system with a bulb turbine (Sheth and Shahidehpour,
2005)

Flood generation - During the flood tide the sluice gates and turbines are kept closed
until a substantial hydrostatic head has developed across the barrage. Once the
sufficient hydrostatic head is achieved, the turbine gates are opened allowing the
water to flow through them into the basin. Flood generation is a less favourable
method of generating electricity due to effects on shipping and the environment.
These effects on shipping and the environment are caused by the average decrease in

sea level within the basin.

Two-way generation - This method of operation utilises both flood and ebb phases
of the tide to generate electricity. The sluice gates and turbines are kept closed until
near the end of the flood cycle. After this point the water is allowed to flow through
the turbines, generating electricity. When the minimum hydrostatic head for
generating electricity is reached the sluice gates are then opened. At high tide, the
sluice gates are closed and the water is trapped behind the barrage until a sufficient
hydrostatic head is reached once again. Water is then allowed to flow through the
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turbines to generate in the ebb mode. Two-way generation has the advantage of a
reduced period of non-generation and a reduction in the cost of generators due to
lower peak power.

(b) Double-basin tidal barrages:

Double-basin systems consist of two basins. The main basin is basically the same
as that of an ebb generation single-basin system. The difference between a double-
basin system and a single-basin system is that a proportion of the electricity
generated during the ebb phase is used to pump water into the second basin, allowing
an element of storage; therefore this system can adjust the delivery of electricity to
match consumer demands.

The major advantage double-basin systems have over singlebasin systems is the
ability to deliver electricity at periods of high electricity demand. However, double-
basin systems are unlikely to become feasible due to the inefficiencies of low-head
turbines. High construction costs of double-basin systems due to the extra length of
the barrage may also restrict the development of this system (Rourke,Boyle and
Reynolds,2010).

The following types of turbines are used for tidal power generation.

Bulb Turbines - water flows around the turbine (Figure 4.16), which makes the
maintenance difficult, as the water must be prevented from flowing past the turbine
and into the generator. (Sheth and Shahidehpour, 2005)

Bulk Hanger

— urhine Blade

Bulb Casing )

Steady Plinth Distruibutor

Figure 4.16 Bulb turbine (Sheth and Shahidehpour, 2005)
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Rim Turbines - Rim turbines (Figure 4.17), also known as the Straflo turbine,
reduces the problems encountered by bulb turbine as generator is mounted on the
barrage at right angles to turbine blades. Despite that, it is difficult to egulate the
performance of Rim turbines which are not unsuitable for pumping either .

Generator

Figure 4.17 Rim turbine (Sheth and Shahidehpour, 2005)

Tubular Turbines - In this turbine (Figure 4.18), the generator is on the top of the
barrage and the blades are connected to along shaft.
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Figure 4.18 Tubular turbine (Sheth and Shahidehpour, 2005)
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4.4.2.2. Tidal Current Turbines

Tidal current turbines extract the kinetic energy in moving water to generate
electricity. Tidal current technology is similar to wind energy technology. However
there are several differences in the operating conditions. Under similar conditions
water is 832 times more dense than air and the water flow speed generally is much
smaller . Since tidal current turbines operate in water, they experience greater forces
and moments than wind turbines. Tidal current turbines must be able to generate
during both flood and ebb tides and be able to withstand the structural loads when
not generating electricity.

The following two methods of tidal current energy extraction are the most

common:

8 Horizontal axistidal current turbines. The turbine blades rotate about a
horizontal axis which is parallel to the direction of the flow of water.

8 Vertical axis tidal current turbines. The turbine blades rotate about a
vertical axiswhich is perpendicular to the direction of the flow of water.

In its simplest form a tidal current turbine consists of a number of blades
mounted on a hub (together known as the rotor), a gearbox, and a generator. The
hydrodynamic effect of the flowing water past the blades causes the rotor to rotate,
thus turning the generator to which the rotor is connected via a gearbox. The gearbox
is used to convert the rotational speed of the rotor shaft to the desired output speed of
the generator shaft. The electricity generated is transmitted to land through cables .

There are three main support structure options when considering installing a
tidal current turbine. The first of these is known as a gravity structure which consists
of a large mass of concrete and steel attached to the base of the structure to achieve
stability . The second option is known as a piled structure which is pinned to the
seafloor using one or more steel or concrete beams. The third option is known as a
floating structure. The floating structure is usually moored to the seafloor using
chains or wire. The turbine in this case is fixed to a downward pointing vertical
beam, which is fixed to the floating structure (Rourke,Boyle and Reynolds,2010).
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4.4.3. Network Integration

Tidal Turbines can also be used at marines or in asea. Tidal energy is
similar to wave energy. The network integration issues associated with Marine
Current Energy Devices (tidal turbines and the similar devices) are similar to
onshore renewable energy technologies, such as stability losses and reactive power
compensation. Network integration can be separated into three divisions:
transmission, grid connections and submarine cables (Rourke,Boyle and Reynolds,
2009a).

4.4.3.1 Transmission

The electricity generated by Marine current energy devices needs to be
transmitted to the mainland. This electricity needs to be stepped up to a higher
voltage to minimise transmission losses. The size of the step-up transformer is
dependent on the distance from the shore and the power capacity of the marine
current system. There are two different options available to achieve offshore
electrical power transmission: high voltage aternating current (HVAC) and high
voltage direct current.(HVDC). The HVAC system basically transmits electrical
power as AC at a high voltage. This type of transmission system is a mature and
reliable technology. The HVAC system is the most widely used transmission system

to transport electrical power.

4.4.3.2. Grid connection

Electricity demand varies with time throughout the day, with peak demand
occurring at certain intervals. Matching supply with demand is an important aspect of
the integration of renewable energy technologies. Marine current energy has the
advantage of being predictable and reliable, unlike other renewable energy sources.
For economic exploitation of marine current energy, areliable grid is essential. Poor
grid stability can result in significant losses; this deficiency could limit the

generating capacity of even the major identified sites. Thiswill become more critical
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if the penetration rate is high. For MCEDs load demand is never near the renewable
resource, and therefore, transmission losses are unavoidable. A decision also needs to
be made if deep reinforcement is required instead of a shallow connection. The deep
reinforcement is basically the additional hardware required to the downstream
network as a consequence of adding the extra generation capacity.

A definitive time period is required for sarting the generators and
synchronising with the grid. The fluctuations in the load can be predicted
beforehand; therefore a decision can easily be made as to what system is utilised at
any given time. The use of asynchronous generators on MCEDs may place a strain
on the grid. Asynchronous generators, instead of supplying reactive power to the
grid, absorb reactive power from the grid. It is already known from wind turbine
technologies that low frequency operation also affects the output power into the grid,
as the output frequency has to be maintained relatively close to 50 Hz.

4.4.3.3. Submarine Cable

The type of cable used affects the cost and installation of the system. The
fundamental structure of a submarine cable consists of a conductive core, which is a
circular section formed with treaded wires carrying the current. For medium and high
voltage applications the material used is copper, although, sometimes aluminium is
used but it is not as efficient. The cable also consists of electrical insulation which is
characterised by the material; either oil impregnated paper or extruded plastic. The
use of alternative cross-linked polyethylene cable in submarine cable looks
promising. It is cheaper to manufacture, has better bending properties, higher
mechanical resistance and lower in weight than other cables.

Another of the major issues associated with submarine cable installation is
the decision to bury or lay the cables on the sea floor. The cost of installation can be
greater than the cost of the cable in some cases. Special machines are necessary for
installing these cables; these machines are able to operate at depths of 1000 m. The
Marine current or tidal turbine device needs to be connected to the cable lying in the
seabed, whether it is a floating structure or a fixed structure. For floating structures
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the cable itself is not capable of withstanding the loads it will be subjected to.
Jtubes, which are conduits that extend down with large bends to the seafloor, offer
protection to the cable (Rourke, Boyle and Reynolds, 2009a).

4.5. Biomass Energy

Energy from biomass is recognized as the renewable energy source with the
highest potential towards sustainable development in the near future. Biomass
provides already 14% of the world-wide primary energy production. To exploit the
full potential of this energy source, new approaches and modern technologies are
needed. (Velden, Baeyens and Boukis, 2008).

Biomass includes all organic matter that is available on a renewable basis:
energy crops and all kinds of organic wastes. Now and in the near future waste
products from agriculture and forestry, easy and cheap to collect, will dominate as
source for bio-energy. In the European Union wood waste accounts for 94% of the
currently used biomass for energy. In the medium and long term, residues from
agriculture and forestry, and energy crops will respectively further develop the bio-
energy industry. (Velden, Baeyens, Brems, Janssens and Dewil, 2010).

Biomass can be converted into useful forms of energy using a number of

different processes. Factors that influence the choice of conversion process are: the

type and quantity of biomass feedstock; the desired form of the energy,i.e. end-use
requirements, environmental standards; economic conditions; and project specific
factors.

Biomass can be converted into three main products. two related to energy
power/heat generation and transportation fuels — and one as a chemical feedstock.
Conversion of biomass to energy is undertaken using two main process technologies:
thermo-chemical and bio-chemical/biological. (Mckendry, 2002).
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45.1. Thermo-chemical conversion

Three main processes are used for the thermo-chemical conversion of
biomass, together with two lesser-used options.

45.1.1. Combustion

The burning of biomass in air,i.e. combustion,is used over a wide range of
outputs to convert the chemical energy stored in biomass into heat,mechanical
power, or electricity using various items of process equipment,e.g. stoves, furnaces,
boilers, steam turbines, turbo-generators,etc. Combustion of biomass produces hot
gases at temperatures around 800-1000 °C. (Mckendry, 2002).

45.1.2. Gadfication

Gasification is the conversion of biomass into a combustible gas mixture by
the partial oxidation of biomass at high temperatures, typically in the range 800—900
°C. The product gas can be used as a feedstock (syngas) in the production of
chemicals (e.g. methanol).

4.5.1.3. Pyrolysis

Pyrolysis is the conversion of biomass to liquid (termed bio-oil or bio-crude),
solid and gaseous fracions, by heating the biomass in the absence of air to around
500 °C. Figure 4.19 depicts the range and possible yields of pyrolysis energy
products. Pyrolysis can be used to produce predominantly bio-oil if flash pyrolysisis
used,enabling the conversion of biomass to bio-crude with an efficiency of up to
80%. (Mckendry, 2002).
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Charcoal Up to 35% vield
(Carbonisation, slow prolysis)

y

Bio-Oil Up to 80% yield
(Flash prolysis, low temperature)

y

Prolysis

Fuel Gas Up to 80% yield
(Flash prolysis, low temperature)

Figure 4.19. Energy products from prolysis (Mckendry, 2002)

Figure 4.20 shows an experimental prolysis process described in (Velden,
Baeyens and Boukis, 2008). In the figure, the riser (2) has an internal diameter of
80mm and is 3.8m high. At the bottom a bubbling fluidized bed (1) burns the formed
and separated char. The char combustion gas is used as fluidization gas in the riser.
Dry spruce (<300 um) is fed (up to 12 kgh'™) at a height of 1.4 m from the bottom. At
start-up, the riser was electrically preheated. After the cyclone (3), the gas and
vapours are further de-dusted in an impingement separator (4) and the pyrolysisoil is
condensed. The shell-and-tube condenser (6) is cooled with water (at 20 °C). The
residual gas flow isfiltered (7) and emitted to the atmosphere. The by-pass (5) isonly
used in case of operational problems. The downcomer (8) recycles the bed material
(sand) and the char via an L-valve to the char combustor. (Velden, Bagyens and
Boukis, 2008).
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Figure 4.20. Prolysis process (Velden, Bagyens and Boukis, 2008)
4.5.1.4. Other processes

Other processes that produce bio-oils are hydro thermal upgrading (HTU) and
liquefaction. HTU converts biomass in a wet environment at high pressure to partly
oxygenated hydrocarbons: the process is believed to be aimost at the pilot stage. The
interest in liquefaction is low because the reactors and fuel-feeding systems are more

complex and more expensive than pyrolysis processes.

45.2. Bio-chemical conversion

Two main processes used are fermentation and an-aerobic digestion (AD),
together with a lesser-used process based on mechanical extraction/chemical
conversion.
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45.2.1. Fermantation

Fermentation is used commercially on a large scale in various countries to
produce ethanol from sugar crops (e.g. sugar cane,sugar beet) and starch crops (e.g.
maize, wheat). The biomass is ground down and the starch converted by enzymes to
sugars, with yeast then converting the sugars to ethanol. Purification of ethanol by
digtillation is an energy-intensive step,with about 450 liter of ethanol being produced
per ton of dry corn. The solid residue from the fermentation process can be used as
cattle-feed and in the case of sugar cane, the bagasse can be used as a fuel for boilers
or for subsequent gasification.

The conversion of lignocellulosic biomass (such as wood and grasses) is more
complex,due to the presence of longer-chain polysaccharide molecules and requires
acid or enzymatic hydrolysis before the resulting sugars can be fermented to ethanol.

Such hydrolysis techniques are currently at the pre-pilot stage.

4.5.2.2. Anaerobic digestion (AD)

Anaerobic digestion (AD) is the conversion of organic material directly to a
gasitermed biogas, a mixture of mainly methane and carbon dioxide with small
guantities of other gases such as hydrogen sulphide. The biomass is converted by
bacteria in an anaerobic environment, producing a gas with an energy content of
about 20-40% of the lower heating value of the feedstock.

4.5.2.3. Mechanical extraction

Extraction is a mechanical conversion process used to produce oil from the
seeds of various biomass crops, such as oilseed rape, cotton and groundnuts. The
process produces not only oil but also aresidual solid or ‘cake’, which is suitable for
animal fodder. Three tons of rapeseed are required per ton of rape-seed oil produced.
(Mckendry, 2002).
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4.6. Hydrogen Energy

Fossil fuels (i.e.petroleum, natural gas and coal), which meet most of the
world’s energy demand today, are being depleted fast. Also, their combustion
products are causing the global problems, such as the greenhouse effect, ozone layer
depletion, acid rains and pollution, which are posing great danger for our
environment and eventually for the life in our planet. Many engineers and scientists
agree that the solution to these global problems would be to replace the existing
fossil fuel system by the hydrogen energy system. Hydrogen's combustion will
produce no greenhouse gases, no ozone layer depleting chemicals, little or no acid
rain ingredients and pollution. Hydrogen, produced from renewable energy sources,
would result in a permanent energy system, which we would never have to change.

In comparing the fuels, it is important to take into account the utilization
efficiencies at the user end. For utilization by the user, fuels are converted to various
energy forms, such asthermal, mechanical and electrical. Studies show that in almost
every instance of utilization, hydrogen can be converted to the desired energy form
more efficiently than other fuels. When we look at the fuel options critically under
the criteria given above, it becomes clear that hydrogen is the best transportation
fuel, the most versatile fuel, the most efficient fuel and the safest fuel. In summary,
hydrogen is the best fuel. (Veziroglu and Sahin, 2008).

An energy system dominated by electrical power has to be as flexible as
present fosil fuel systems. ( Figure 4.22)

The required new storage and transportation system has to meet the
requirements of the customers. The energy carrier hydrogen fits into this system;
hydrogen can be used in amost al paths of our energy system for stationary
applications and mobile applications. (Figure 4.23)
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Figure 4.22. A Schematic diagram of the hydrogen power system (Weinmann,1999)
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The generation of electricity the production of hydrogen by electrolysis offers
some benefits to power utilities. Electrolysers as a load in the electrical network can
be used for frequency control or load management, thereby saving reserve capacity,
and power plants can be operated at rated power with the best efficiency and highest
revenues. Hydrogen can be utilised, for example, in fuel cells with a high efficiency
to produce power. Figure 4.23 presents a schematic diagram of the proposed
hydrogen energy system. In this system, hydrogen, (and oxygen) is produced in large
industrial plants where the primary energy source (solar, nuclear, and even fossil)
and water (H20), the raw material, are available. For large scale storage, hydrogen
can be stored underground in exmines, caverns and/or aquifers. Hydrogen is then
transported, by means of pipelines or super tankers, to energy consumption centers.
Subsequently, it is used in electricity, transportation, industrial, residential and
commercial sectors as a fuel and/or an energy carrier. (Veziroglu and Sahin, 2008;
Weinmann,1999)

The oxygen produced in the industrial plant making hydrogen could either be
released into the atmosphere, or could be shipped or piped to industrial and city
centers for use in fuel cells (instead of air) for electricity generation. This would have
the advantage of increasing the utilization efficiency. The oxygen could be used by
industry for nonenergy applications, and also for rejuvenating the polluted rivers and
lakes, or speeding up sewage treatment.It should be noted that in the hydrogen
energy system, hydrogen is not a primary source of energy. It is an intermediary or
secondary form of energy or an energy carrier. Hydrogen complements the primary
energy sources, and presents them to the consumer in a convenient form at the
desired locations and time.

The hydrogen is energy storage not an energy source. Storage of hydrogen in
liquid form is difficult, as very low temperatures are required to liquefy hydrogen but
it can be stored over relatively long periods of time (Midilli,Aya,Dincer and Rosen,
2005).

If solar energy, in its direct and/or indirect forms (e.g.,hydro, wind, etc.), is
used to manufacture hydrogen, then the resulting system is called the *‘solar-
hydrogen energy system”. In this system, both the primary and secondary energy
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sources are renewable and environmentally compatible, resulting in a dean and

permanent energy system. Figure 4.24 presents a schematic of the solar-hydrogen

energy system.
SOLAR ENERGY WIND ENERGY HYDRO POWER
67% l 331//
HYDROGEN
PRODUCTION PLANTS
LIQUID H, GASEOUS H,

FLAME COMBUSTORS ~ 20%

JET ENGINES 10%

FUEL CELLS 10% CATALYSIS COMBUSTORS 20% FUEL CELLS
STEAM GENERATORS ~ 10%

TRANSPORTATION THERMAL ENERGY ELECTRIC POWER

Figure 4.23. Schematic of the solar-hydrogen energy system (Veziroglu and Sahin,
2008)

Below figures show that , the difference between PV system and PV system
with hydogen.
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Figure 4.24. PV Path and batteries without hydrogen energy
(Cetin,Y ilanci,Oner,Colak,Kasikci and Ozturk 2009)
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Figure 4.25. PV and Hydrogen path (Cetin,Y ilanci,Oner,Colak,Kasikci and Ozturk
2009)

Hydrogen energy can be used to Power Grid Control. (Figure 4.27) Because
of its extremely fast regulating behaviour the electrolyser can be used as a variable
load which draws power anticyclic to the power production, regulating the needs of a
utility and thus replacing some of the necessary regulating and reserve power plant
capacity. If such systems are installed on a large scale for future commercial
hydrogen production, the following additional advantages could be envisaged for the
utility (Weinmann,1999):

fewer losses in power plant operation
less wear on power plant regulating components

improvement of regulating response time and grid stability.

interconnected
grid 2500 kVA from central
@ B network control

110/20 kV l
Inverter | ~ -
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<50 bar H, H, storage
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Figure 4.26. Power Grid Control (Weinmann,1999)
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5. RENEWABLE ENERGY IN TURKEY

5.1. Wind Energy in Turkey

World's wind resource is estimated as 53 TWh/year, and presently the total
installed wind energy power is 40.301 MW. One third of this power is in Germany.
The amount of investment necessary for reaching the world wind energy target of
1,245 GW by 2020 is 692 billion Euros. By then, production costs are expected to
decrease from 3,79 Euro-centskWh to 2,45 Euro-centgkWh.

Global business volume in wind turbines will increase from an annual 8
billion Euros to 80 billion Euros by 2020. In regions with a total potential of at least
48.000 MW and an annual average of 7,5 m/s, it is possible to make potentially
economical investments over present prices.

With Turkey Wind Energy Potential Atlas (REPA), which was realized in
2007, it is calculated that our country has a minimum wind energy potential of 5.000
MW in regions with annual wind speed of 8,5 m/s and higher, and 48.000 MW with
wind speed higher than 7,0 m/s (ETKB). Turkey wind map is given in Figure 5.1.
Figure 5.2 gives a review of completed and ongoing wind power plant projects in
Turkey. In Figure 5.3 views from Bandirma Wind Power plant are given.

Operating at an ideal location, a turbine with a capacity of at least 500 kW
can run at maximum 30% efficiency and produce most commercially wind-generated
electricity of 1.3 million - kWh year. A 500-kW capacity turbine requires 13,700 ha
of land, an initial investment of approximately US$ 500,000, and an annual operating
cost of US$ 40,500. The estimated cost of electricity generated by such a system is
US$ 0.07 per kWh, with an energy input—output ratio of 1:5 during the 30-year life
of the system. (ETKB)

Wind turbines have not yet been the subjects of serious planning legislation in
Turkey. The Turkish industry is currently a limited player in the manufacture of
turbines and other components. The scale and cost of a wind farm will almost
certainly require private investment, with its inevitable demand for an attractive rate
of return (Cicek,Ozturk, and Ozek, 2009).
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Figure 5.1. Turkey Wind Map (TUREB)
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Figure 5.2. Wind Power Plants in Turkey (Radikal,22.06.2008)
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Figure 5.3. Bandirma Wind Power Plant (Bilgin Energy)
5.2 Solar Energy in Turkey

Being a natural source of energy, solar energy is the most popular one among
sources of renewable energy. Having a high potential for solar energy due to its
geographical position, Turkey's average annual total sunshine duration is calculated
as 2.640 hours (daily total is 7,2 hours), and average total radiation pressure as 1.311
kWh/m2-year (daily total is 3,6 kWh/m?). Solar energy potential is calculated as 380
billion kWh/year. While varying considerably in terms of methodology, materials
and level of technology used, solar energy technologies may be divided into two
main groups :

8 Thermal Solar Technologies and Concentrating Solar Power (CSP): In these
technologies, whereby solar energy is used to generate heat, heat can be used
either directly or for generating electricity. CSP power plants use different
mirror positions to generate electricity by converting solar energy into high-
temperature heat. Since they can be built at desired power ratings, they are
typically used for powering signaling equipment, meeting rural electricity
demand, etc.
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§ Solar Cells:Semiconductors which are also called photovoltaic cells transform
sunlight directly to electricity .

Greatest disadvantage of solar cells is that their production is incredibly
costly due to use of silicon crystals and thin film technology. With the decrease in
the cost of using solar cells and increase in their efficiency, solar cell dependent
energy generation is expected to increase in Turkey. Furthermore, using Turkey
Solar Energy Potential Atlas and the CSP technology, it is calculated that an annual
production of 380 billion kWh is possible

The amount of solar collectors installed in our country is roughly 12 million
m? with atechnical solar energy potential of 76 TEP, and annual generation volume
is 750.000 n®, part of which is exported. Such amount indicates that 0,15 n? of solar
collectors are used per capita. Annual amount of solar-based heat generation is
around 420.000 TEP. This data suggests that Turkey is a significant manufacturer
and user of solar collectors among world countries .

In our country, installed solar cell capacity, which is used mostly in public
bodies for supplying small amounts of power and for research purposes, has reached
1 MW. Work in the area of solar and hydrogen energy holds a great importance for
the future of our country including our defense industry and military use (ETKB).

At present, Turkey does not have an organized commercial and domestic
photovoltaic (PV) programme, because the government has no intention in PV
technology. On the other hand, there is a good potential for PV applications in the
local market since the country is enormously suitable due to high rates of solar
radiation and available land for PV applications. (Cicek,Ozturk, and Ozek, 2009).

5.3 Hydraulic Energy in Turkey

Among various sources of energy, hydroelectric power plants are preferred
because they are environment-friendly and have a low potential risk. Hydroelectric
power plants are an environment-friendly, clean, renewable, lasting and efficient
domestic resource with low operational costs and no fuel cost, which is not

externally dependent and also serve as a fuse for energy prices.
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Turkey's technically feasible hydroelectric potential is 36.000 MW. 150
hydroelectric power plants (HEPP) that are presently in operation correspond to an
installed power of 13.830 MW and 38% of the total potential . 16,77% of electricity
generated in 2008 came from hydroelectric power plants. Recent draughts have
substantially limited the contribution of hydroelectric power plants to electricity
generation .

In 2004, hydroelectric power plants generated 46 billion kWh of energy.
Although a new 600 MW hydroelectric power plant was commissioned between
2004-2008, our hydroelectric production for 2008 remained at the level of 33 hillion
kwh.

Due to reasons like failures, maintenance/repair works, operational policy,
draughts, etc., overall capacity utilization in energy generation is around 73%.
Capacity utilization is 68% in thermal power plants, and 94% in hydroelectric power
plants .

We aim at utilizing in electricity generation all hydroelectric potential that is
technically and economically viable by the year 2023. The scope of Law no. 5346 on
Renewable Energy Resources (Y EK) has been expanded to include wave, stream and
tidal energy, and all other sources for generating energy which are suitable for
building canal- or river-type hydroelectric power plants, or hydroelectric power
plants with areservoir area of less than 15 kn? (ETKB).

5.4 Hydrogen Energy in Turkey

It is hydrogen that fuels the heat emitted by Sun and other stars to
thermonuclear reaction, which is the main energy source of the universe. Among all
fuels known to man, hydrogen has the highest energy content per unit mass (higher
heating value is 140,9 MJKkg, and lower heating value is 120,7 MJkg). 1 kg of
hydrogen contains an amount of energy that is equal to that of 2,1 kg of natural gas
or 2,8 kg of petroleum. But its volume per unit energy is high.

In energy systems where hydrogen is used as a clean and easy-to-use fuel
wherever heat and explosion energy is required, the only emission to the atmosphere
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is water and/or water vapor. As a fuel, hydrogen is averagely 33% more efficient
compared to petroleum-based fuels. During energy generation using hydrogen, no
gas or harmful chemical substances with the potential to pollute the environment or
to aggravate the greenhouse effect is produced. Research shows that hydrogen is
presently three times more expensive that other fuels, and that common spread used
of hydrogen as a source of energy will depend on technological advances that can
reduce the cost of hydrogen production. On the other hand, it could till be a viable
alternative, under present conditions, to store excess electricity generated over daily
or seasonal periods as hydrogen. Common spread use of such stored energy -say, for
mass transportation purposes- will depend on advances in fuel cell based automobile
technologies .

Presently, an annual amount of 50 million tons of hydrogen is produced,
stored, transported and used around the world. The highest number of users is to be
found in chemical industry, particularly in the petrochemical industry. In Turkey
hydrogen is used in industry and is not used for energy production purposes. At
present Turkish Government does not have an official policy related with hydrogen
energy. (ETKB)

5.5. Geothermal Energy in Turkey

World's installed geothermal power is 9.700 MW with an annual production
of 80 hillion kWh, and the first 5 countries in geothermal electricity generation are
USA, Philippines, Mexico, Indonesia and Italy. Non-electricity utilization is 33.000
MW. The first 5 world countries in geothermal heating and spa practices are China,
Japan, USA, Iceland and Turkey (ETKB).

Turkey is located on the Alpine-Himalayan organic belt, having one eighth of
the world’'s geothermal potential. Turkey has 170 geothermal fields over 400 8C
temperature and around 1000 hot and mineralized natural self-flowing springs and
they are located mainly on West, North-west and Central Anatolia. Turkey is ranked
as fifth biggest geothermal energy user for heating and hot spring purposes after
China, Japan, USA and Island. Turkey’'s geothermal fields are more available to
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direct-use applications, since 95% of geothermal fields are low-medium enthalpy
resources. Gross geothermal potential of Turkey is given as 31,500MWth,
corresponding to 5 million residences heating whereas the economic potential for
heating purposes is estimated to be 2843MWth but the share of geothermal energy
production, both for electrical and thermal uses is 1229MWth. Aydin-Germencik,
Denizli-Kizildere, and theoretically Nevsehir-Acigol fields have the highest enthal py
among al and can be used both for electricity generation and district heating
applications. These fields may be evaluated if the government offers the financial
and/or institutional support that is required for successful development. Electricity
generation projections of Turkey are also 500MWe from Germencik, Kizildere,
Tuzla and several of the other fields by the year 2010 and 1000MWe by 2020
(Cicek,Ozturk, and Ozek, 2009).

5.6. Bio Energy in Turkey

Having a total fuel-oil consumption of 22 million tons, 3 million tons of
which is benzene, Turkey has an installed bio-ethanol capacity of 160 thousand tons.
Reserving of lands for biodiesel and bio-ethanol production, which poses a global
threat against food security, is the strongest criticism against bio-fuel oriented
agriculture. Biogas technology allows us both to obtain energy from organic wastes,
and also to bring wastes back into the soil. The amount of biogas that can be
produced in Turkey, considering its animal waste potential, is reported as 1,5 to 2
MTEP (million tons equivalent of petroleum). Our biomass sources include
agriculture, forests, animals, organic urban waste, etc. While our waste potential is
around 8,6 million tons equivalent of petroleum (TEP), 6 million TEP is used for
heating. In 2007, the total amount energy obtained from biomass sources was 11
thousand TEP (ETKB).

For heat and electricity production, there are existing projects, mainly using
combustion. Policy support has been and is directed at combustion systems, but has
tended to favor potentially more efficient and cleaner advanced Technologies such as
gasification and pyrolysis. Innovation is focused on the development of these
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technologies, which are at the demonstration stage but are commercial in niche
markets.

The biomass fuel cycle has near-zero net emissions of CO, since CO; are
fixed by the plants as they grow. The land area to replace a significant portion of the
electricity currently generated by coal limits the use of biomass. In case of biomass,
the following links are clearly weak ),

* Resource compatibility,

»  User support,

* Needs assessment,

» Using wastes for fuel may degrade soil quality.

» Sugar plantations, sawmills, etc. often owned by rural elite.
» Could results in competition between land uses for feed/fuel.

It isdifficult to collect large quantities of biomass wastes due to their disperse
nature. The availability of some types of biomass is seasonal. In addition annual
productions of most biomass fluctuate from year to year depending on climatic
conditions. Biomass is also difficult and costly to transport. The costs of biomass
wastes fluctuate widely, depending crop the productions and economic condition
(Cicek,Ozturk, and Ozek, 2009).

5.7. Renewable Energy Policy in Turkey

Energy development in Turkey has been dominated by public investment and
management since independence in 1923, although several waves of liberalization
have been launched since 1983, leading to a gradual opening of the Turkish energy
market and improving the situation. Turkey has made early and extensive use of
financing models such as build-own-operate (BOO) and build-own-transfer (BOT).
As yet, however, no decisive breakthrough has been achieved. In the last two years,
several encouraging steps have been taken towards greater liberalization. The notion
of privatization has been introduced into the Turkish constitution for the first time.
Legislation was adopted in February 2001 to allow competition in the electricity
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market and adapt Turkey’s legislation for European Union (EU) membership. A new
Gas Market Law was adopted in May 2001 for the same purposes.
The main objectives of energy policy including renewable are
(Cicek,Ozturk, and Ozek, 2009)
To meet demand using domestic energy resources as the highest priority. In
the medium and long term, this is to occur through a mix of public, private
and foreign capital.
To develop existing sources while acceleration the penetration of new and
renewable sources.
To diversify energy sources and to avoid dependence on energy imports from
asingle source or country.
To encourage private sector investment and to accelerate capacity
construction and privatization in the power industry. Preparations are to be
made for the introduction of nuclear power.
To improve the reliability of electricity supply through upgrades in the power
transmission and distribution grid.
To improve energy efficiency in end use and transformation, e.g. through
reduction of losses in energy production, transmission and consumption.
To protect the environment and public health.
To make use of Turkey’'s geopolitical location to establish the country as a
pivotal transit area for international oil and gas trade (‘Eurasia energy
corridor’)

5.7.1. Renewable energy policy institutions

The Ministry of Energy and Natural Resources is the main body for the
formation and implementation of energy policy in general and renewable energy in
particular (Energy Policies of IEA Countries, 2001). The Electric Power Resources
Survey and Development Administration (EIE) carry out investigations and surveys
to identify the energy potential of water, wind and solar energy resources. If big

97



5.RENEWABLE ENERGY RESOURCES Cemal ZERAY

hydropower generation is regarded in the renewable group, Directorate-General of

State Hydraulic Works (DSl) is the main implementing organization.

The main institutions operating under Ministry of Energy and Natural

Resource have responsibilities for implementing energy policy are (Energy Policies
of IEA Countries, 2001):

Directorate-General for Energy Affairs

EUAS, Electricity Generation Company

TEIAS, Turkish Electricity Transmission Company

TEDAS, Turkish Electricity Distribution Company

TETAS, Turkish Electricity Trading and Contractor Company
DS, Directorate-General of State Hydraulic Works

TPAO, Turkish Petroleum Company

Directorate-General of Petroleum Affairs

Directorate-General for Mining Affairs

EIE, Electric Power Resources Survey and Development Administration
BOTAS, Turkish Pipeline Corporation

TKI, Turkish Coal Enterprises

Turkish Hard Coal Enterprises (TTK)

The main state organizations having responsibility for planning the energy

policy in Turkey are given in Table 5.1.

Table 5.1. The main state organizations having responsibility for planning the energy

policy in Turkey

Organization Name

Under the fold of

DPT, State Planning Organization
TUBITAK, Scientific and

Council of Turkey

Research, planning and Co-ordination Board
Directory-General for Energy Affairs
Directory-General of Mineral Affairs

Directory-General of Petroleum Affairs

Prime minister

Prime minister

Ministry of Energy and Natural Resources
Ministry of Energy and Natural Resources
Ministry of Energy and Natural Resources

Ministry of Energy and Natural Resources
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The above general directorates are operating under Minister and his
Undersecretary. Therefore, main body responsible from energy policy is Ministry.
All groups get or receive directives from ministry and implement the policy
accordingly. As it was stated above, there is a separate Department of Energy
Directorate General, which reports to Minister and his Undersecretary. Minister
reportsto Prime Minister.

There are also some non-Ministerial agencies responsible for various aspects
of energy policy (Table 5.2).

Table5.2. Non-Ministerial agencies responsible for various aspects of energy policy
(Meda Project, 2002)

Organization name and/or rgulation Functions

Energy Policy and/or regulation Energy Market Regulatory Council
Nuclear Power Turkish Atomic Energy Authority (state organization)
Energy Efficiency ESCAE/MAM/TUBITAK Marmara Research Center (state

organization) some universities (presenting reports,
Organizing meetings and courses)

Energy standards TSE, Turkish Standardisation Institute IEC, International
Electrotechnical Comission

R&D
Energy Systems and Environmental Research Institute/
Marmara Research Center

Renewable
Clean Energy Foundation
Turkish Wind Energy Association
International Solar Energy Society Turkish Section

Geothermal Energy Association

5.7.2. Renewable policy instruments

In Turkey’s case, where government expenditure has to be tightly controlled,
it is important that the most cogt-effective resources to be developed. Therefore, the
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government should attempt to develop competitive renewable energy supplies first,
and provide base support for renewable energy, if necessary, on cost-effectiveness.

All, the Ministry of Energy and Natural Resources (MENR), the State
Planning Organization (DPT) and the Electric Power Resources Survey and
Development Administration (EIE) are involved in renewable energy promotion
policies. Some promotions and related policies exist with respect to the development
and implementation of renewable energy systems. geothermal heat and solar thermal
energy production. Low-interest loans up to 45% of the capital cost are applicable to
appropriate investments.

Until recently, Free Market Law of Electricity, the price of energy was
decided as aresult of negotiations between energy production company and the state
which is buyer. This was akind of incentive. Now, the price of the renewable energy
will have to obey the market conditions.

The Energy Efficiency Law (EE Law), numbered 5627 and published in
official gazette on 2 May 2007 Wednesday, aims to increase the efficient use of
energy and energy resources for reducing the burden of energy costs on the economy
and protecting the environment. This law comprises the organisation, principals and
procedures for increasing energy efficiency in industry, electrical power plants,
transmission and distribution systems, building, service and transport sectors. It sets
the rules for energy management in industry and in big buildings, project supports,
energy efficiency consultancy companies, voluntary agreements and so on .

This law covers principles and procedures applicable to increasing and
promoting energy efficiency in energy generation, transmission, distribution and
consumption phases at industrial establishments, buildings, power generation plants,
transmission and distribution networks and transport, raising energy awareness in the
general public, and utilizing renewable energy sources.

Outside the scope of this Law are those buildings which would have to
change characteristics or appearances a an unacceptable level upon the
implementation of measures for increasing energy efficiency, are used for operation
and production activities in the industrial areas, are used as worship places, have less
than two years of scheduled period of utilization, are used less than 4 months in a
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year, have less than fifty square meters of usable area, those buildings or monuments
under protection, agricultural buildings and workshops.

The EE Law also amended Law n0.5346 dated 10.05.2005 on Utilization of
Renewable Energy Sources for the Purpose of Generating Electrical Energy.
Renewable electricity receives a fixed purchase price of between EUR cents 5 and
5.5/kWh for 10 years. The price is valid for plantsinstalled until end of 2011, though
the government can extend this date for two years. The Electricity Market Law of
2001 was also modified by the EE Law, exempting certain categories of power plants
from the obligation to obtain licenses and establish companies. The exemption
applies to: renewable energy plants with installed capacity of maximum 500kW;
cogeneration plants with at least 80% overall efficiency; micro cogeneration plants
with 50 kW installed capacity .

The Law on Utilization of Renewable Energy Resources For The Purpose
Of Generating Electrical Energy, numbered 5346, aims to expand the use of
renewable energy sources for generating electrical energy by establishing the
necessary legal and regulatory framework while ensuring increase in the use of
renewable energy sources without disturbing free market conditions. In fostering
renewable energy, the Turkish government seeks to benefit from these resources in a
secure, economic and qualified manner, to increase the diversification of energy
resources, to reduce greenhouse gas emissions, to assess waste products, to protect
the environment and to develop the manufacturing sector for renewable-energy
related products .

The Law encompasses the procedures and principles for conservation of
renewable energy resource areas, utilisation of these sources, and certification of the
energy generated from these sources.

The Law on Geothermal Resources And Waters Containing Natural
Minerals, numbered 5686 was published in official gazette on 13 June 2007, sets
forth the rules and principles for exploring, producing and protecting geothermal and
natural mineral water resources. Geothermal and natural mineral waters belong to the
state. A special licence is required to carry out exploration activities. The licence
may be issued according to the procedure regulated by these provisions and shall be
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valid for three years. An operational licence is also necessary to exploit geothermal
resources.

The integrated use of geothermal energy, the re-injection of geothermal
energy after use, efficiency and environmental protection are all also regulated by the
Law.

The purpose of this law, geothermal and natural mineral water resourcesin an
efficient way to search, development, production, conservation, over these resources
be entitled to and transfer of rights, the environment in accordance with the
economic evaluation and abandonment related principles and procedures are
regulated.

This law specified or determined geothermal and natural mineral water and
geothermal resources of gases between the origin and operation stages, resources on
the rights of owner, transfer, abandonment, use of resources to be tender,
termination, supervision, resources and catchments protection and related procedures
The principles include the sanctions (EIE).

5.8. Research and development on renewable energy in Turkey

Financing of R&D projects are offered via national funds by State Planning
Organization (DPT), TUBITAK-TEYDEB and research funds of universities.
International co-operation is sought not only in terms of funds but also in terms of
know how exchange.

The Technology and Innovation Support Program (TEYDEB) of TUBITAK
is a R&D assistance program for industrial companies. This includes a financial
contribution by the Scientific and Technical Research Council of Turkey and by the
Undersecretary of Foreign Trade for up to 60% of the total eligible cost incurred over
the duration (up to 36 months) of an individual R& D project.

There are a lot of industry projects supported by TEYDEB. Most of these
projects are done in cooperation with universities. Subjects of R&D projects on
renewable energy may be listed as follows:
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Wind turbine technology

Pumping systems using wind power
Solar ovens for heating

Photovoltaic cells

Solar glasses

High efficiency solar collectors

Heating systems using geothermal power
Hydrogen storage systems

Projects are concentrated mostly on wind power and solar power. Wind
turbines up to 1500 kW are manufactured in Turkey by Soyut Wind. Projects on
manufacturing of photovoltaic cells is ongoing by the big glass manufacturer of
Turkey.

Low-interest loans are provided by the Technology Development Foundation
of Turkey (TTGV) for innovative renewable energy R&D projects.

Another fund for R&D studies are provided by the State Planning
Organization to relevant university departments for infrastructure developments.
Some support is also provided to industry by Electrical Power Resources Survey and
Development.

Technology and Innovation Support Program Board (TEYDEB) of
TUBITAK, Electrical Power Resources Survey and Development Administration
(EIE) and DPT act as implementing agencies. The applicable ministries have some
actions aswell. At present, about 15 types of legal and administrative incentives exist
to promote R&D, including above mentioned. The main renewable energy resources
being supported are solar, geothermal, and wind. Other R&D on the demonstration of
advanced bio-fuels technology, such as electricity generation from biomass and
liquid bio-fuel production are also underway.

Turkey has joined European Union (EU) Seventh Framework Program. There
are also many project opportunities in this program about renewable energy.
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6. CONCLUSIONS

This dissertation presents renewable energy resources and Turkey’'s current
situation, current technologies, ongoing R&D projects, Turkey’'s current policies,
economics and the barriers of utilization for all means of renewable energy sources.

On our growing world, renewable energy sources have become indispensable
due to the increasing population, and decreasing nonrenewable energy resources.
During the dissertation, it is understood that the main advantage of usage as energy
source is coming from its definition: “Renewable”

There are many advantages of renewable energy conversion. On the other
hand there are also some disadvantages like the unstable resources, wind rate in
wind, heat rate in geothermal, bio mass supply irregularity etc... The supply could
be unstable when it is compared to the other supplies like coal and natural gas. But
thereis afact, these sources are limited and will be exhausted.

With the development of technologies for the renewable energy conversion,
investing costs of renewable energy plants are decreasing, however it is still not a
good choice for energy conversion when it is compared to old means of conversions.
Although it is still expensive, that is certain that our unique world is warning us with
the global warming issues.

Our country, Turkey has a big potential for renewable energy conversion;
53.000MW for wind, 45000MW for solar, 36000MW for hydro and etc... This
potential with strong feasibilities and investments will have great economical and
environmental benefits.

Turkey's current situation is promising for renewable energy resources
however; there are some financial, political and technical barriers. Besides, there is
another issue, that is some failed projects which makes companies hesitate with
renewable. Despite the few failures, there are good investments with reliable
feasibility and have to be taken into consideration. The government is supporting the
projects for renewable energy sources, although it is still not enough to increase the
percentage of renewable energy conversion in tota. Universities should be supported
more for new technologies for increasing total percentage of renewables in total
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energy conversion. There are still researches for the development of renewable
energy conversations supported by Tubitak. Researches are mainly concentrated on
solar and wind. There are also a lot of rejected project proposals due to lack of R&D
content, inadequate planning or other reasons. Most of the companies who are
interested in renewable energy systems are importing technologies instead of
forming their own R&D departments. That increases the cost of investment so the
cost of conversion. R&D projects should be supported more and more by the
government to encourage local companies. Companies should also cooperate with
universities to perform successful projects with good planning, R&D content and
qualified personnel.

Renewable energy conversion is making a big step in 21th century and it is a
fact that our world needs it. Our country has a big potential and with good
feasibilities the sources could be used for benefits.
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