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Introduction

The traditional Balkan Power Summer School (BPSS 2006) took place in Fojnica, BiH,
between 17.-22.7.2006. This student’s event was part of the 6.FP project “The Virtual Balkan
Power Center for Advance of Renewable Energy Sources in Western Balkans (VBPC-RES
Project, INCO-CT-2004-509205)", co-funded by European Commission. It was organized by
the Faculty of Electrical Engineering, University of Tuzla and co-organized by the University
of Ljubljana, Faculty of Electrical Engineering and INTRADE Energia d.o.o.. Eleven students
from Slovenia, Croatia, Serbia, BiH and Macedonia who qualified at the Balkan Power
Student Contest 2005 and 2006 were invited to participate in the BPSS 2006. They met in
Fojnica to discuss Renewable Energy Sources, contemporary issues technologies and
solutions. The lectures presented had the main goal of involving students in problems related
to Renewable Energy Sources (RES) in the region of Western Balkan. The countries in the
Western Balkan region have great, but insufficiently exploited RES potential. The efficient
use of RES could significantly contribute to security and adequacy of supply within the region
and in the wider neighbourhood. Special care should be devoted to innovative and viable
solutions for electricity supply of underdeveloped areas and areas isolated due to war damage.
Therefore this year’s main topic of Summer School was the renewable energy sources in
South — East Europe.

Academic program

A typical working day was divided into lectures in the morning followed by lunch and
tecnical and social excursions. Six international lecturers prepared interesting lectures and
exercises with focusing on RES technical and economic problems, solutions and policies.
While the BPSS was devoted to policy and operational issues of RES as well as their
potentials, expecially small hidro power plants, biomass and wind plants but also
photovoltaics (PV) and other technologies received their fair share of attention. The SS
students were accommodated in private appartments.

The academic programme was held by international lecturers, covering the following topics:
Wind energy by Ms. Vesna Bukarica

Small hydro power plants by Prof. Dr. Suad Halil¢evic¢

Geothermal energy by Dr. Kostas Karytsas

Impact of RES on power system operation by Prof. Dr. Nikola Rajakovi¢

Economic aspects of RES Mr. Borut del Fabbro

Electricity Market: a Case of Market Power in GENCO by Prof. Dr. Andrej Gubina

Technical tours

Besides the lectures also several technical tours were organized were students could see the
practical application of theory about RES learned on lectures. Because Fojnica is situated in
part of Bosnia with mountainous terrain with several streams and rivers there have been four
small hydro power plants build so far all four by INTRADE Energija d.o.o. from Sarajevo.
They have total installed capacity of approximately 7,5 MW and we have seen all four of
them with. Besides seeing the installations we got also first-hand information about problems



of building such objects like obtaining the permissions, dimensioning of the plants, building
of the plants and financial details of such investment.

Cultural dimension and international bonding

Familiarizing the Balkan participants with elements of the BiH culture, history and tradition
was also part of this year's Summer School. There were several activities like swimming in
new Sarajevo baths at Ilida, visiting culturally and historically most important parts of
Sarajevo and visiting the pyramids in Visoko. Those pyramids are currently researched by
archeologists from all over the world and are supposed to be 12.000 years old. All of the
activities were well organized and coordinated. Also, the participants have started some nice
friendships, exchanged contacts, and now they are keeping in touch. This event was the proof
of the good collaboration that exists between the Faculty of electrical engineering, University
of Tuzla, Faculty of Electrical Engineering, University of Ljubljana, and INTRADE Energija
d.o.o., as well as between professors and students during the Summer School. Even from this
point of view, the Summer School was a success.

Participants:

Participant Country
Gregor Taljan Slovenia
Iztok Zlatar Slovenia

Gregor Cimerman | Slovenia

Urban Taljan Slovenia

Magdalena K'¢eva | Macedonia

FElena Mandceva Macedonia

Frosina Paunkovska | Macedonia

Velimir Lackovié Serbia

Luka Lugari¢ Croatia
Jasmina Nali¢ BiH
Marina Benes BiH

Lecturers

UNI-LJ: Prof. Andrej Gubina
UNTZ: Prof. Suad Halil¢evi¢
ETF: Prof. Nikola Rajakovié¢
CRES: Dr. Costas Karytsas
IBES: Mr. Borut del Fabbro
UNIZG: Ms. Vesna Bukarica
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Wind energy

Vesna Bukarica, M.Sc.E.E.

Faculty of Electrical Engineering and Computing,
University of Zagreb
Croatia
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Aim of lectures

» To give a general and comprehensive overview of
techno-economic and environmental characteristics of
wind energy use

» Why?
— Rapid increase in installed capacities world wide
— Strong technology development
— Specificities related to the operation and control
— Economic feasibility

— Strong interest of investors and good potentials for
exploitation in Croatia

— Benefits from wind energy use

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Content of lectures

a4 ™
» Introduction to wind energy use

» Physical principals of wind energy use
» Technology for wind energy use

» Economics of wind energy use

» Environmental impacts

» Implementation of wind power projects

» Conclusion: Benefits from wind energy

se
w y

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Introduction

“ I
»Wind energy potentials

»Wind energy status
—in the world
—In Europe
—in Croatia

» Regulatory framework to support wind
energy use

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind energy potentials

4 N
Europe TWh/year
onshore 500
offshore 2000
consumption @ 3000
\ World TWh/year
potential @ 25.000
1) approx. current level consumption ) 20.000
2) no offshore !

A
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Status of wind energy use

~

» Installed world capacities have grown in time period
1993-2005 from 2,900 MW to 57,837 MW (annual
average growth rate of 28.4%)

g\ 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 _/

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Status of wind energy use, ||
gln 2005 installed capacity in the EU has reached 40,455.4\H
MW

» Wind energy origin electricity production in the EU was
equal to 69.5 TWh in 2005 - a little over 2% of total EU

electricity production

» The EU share Iin total world installed wind power
capacities at the end of 2005 was equal to 70.6% and the
share in market for generating equipment was equal to
60.3%

» Constant growth and development directed towards
increase of wind turbine sizes, improved operation and

a\control procedures and off-shore applications J

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Status of wind energy use, |l
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k BY END OF 2005 (CUMULATIVE) |
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Status of wind energy use, |V
i« \

»Market share (manufacturers) — trend is concentration

Top-10 Suppliers in 2005
% of the total market 11,407 MW

GEWIND (US) 17.7% GAMESA (E5) 12.9%

WESTAS (DH) 27.0%
BCOTECHIA (ES)
MITSUBISH (JF) 2.1%
Source: BTM Conzulf ApS - March 2006 2.0%

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wmd energy status in Croatia

gStrong interest for wind energy use in Croatia A

» National wind energy programme ENWIND established in 1998
— assessment of potentials, wind mapping, proposals for pilot
projects — 29 locations — 400 MW installed capacities and
800 GWh electricity production per year

» Update of ENWIND in 2003 — 104 locations — 1300 MW
installed capacities and 3.000 GWh electricity production per
year

» Currently only one wind power plant operating — 5.95 MW
WPP Ravne on the island of Pag — private (foreign) investor
and power purchase agreement with Croatian power utility

» Several projects in preparation — 11.2 MW WPP Trtar-Krtolin
near Sibenik

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind energy status in Croatia, ||
e I

» Development of domestic industry
— Development of own 750 kW and 1 MW wind turbine in energy

equipment production company Koncar
— Commissioning of the first 1MW wind turbine in 2006
— Commissioning of the 14 1MW wind turbines in 2007 — WPP

Pometeno Brdo
» Maintaining existing and creating new jobs!

» Apart from grid-connected facilities, possibilities exist for off-
grid applications, especially see water desalinisation on the
Adriatic islands, water pumping and irrigation systems —
development of isolated areas

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind energy status in Croatia,

~

— Lack of complete regulatory framework in Croatia — tariff system
for RES and CHP

 prescribed purchase price for every RES type
« differentiation according to the installed power
» proposal: for WPP over 1 MW - 0,57 HRK/kWh (7,6 €cents/kWh)

gMain barriers and problems

— Jurisdiction of different ministries — Ministry of Environmental
Protection, Physical Planning and Construction has brought out
the Ordinance which forbids the construction of WPP on the
islands and in the area 1000 m away from coast line

— Long and complicated administrative procedure and permit
Issuing

— Negotiations with TSO

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Regulatory framework
e

Investment premium kWh
grants payment

ngeen”
certificates

]

tax incentives no eco-tax on
on investments “‘green energy

RTD subsidies

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Regulatory framework, Il

/ RES production (kWh) \”

Feed-in tariffs Obligatory quota /green
Fiscal measures certificates
Competitive bidding
(Subventions) (Fiscal measures)

Investment subventions
(Obligatory quota)
(Fiscal measures)

\ Installed capacities (kW) /

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Regulatory framework, Il

/ Country Green cerificates |Feed-in tariffs Fiscal measures |Investment Other \5
subventions

Austria I N
Belgium - 1!

Czech
I

Denmark
Finland
France
Greek
Ireland

ltal

Hunga
Metherlands
Morwa
German
Poland
Portugal
slovakia
slovenia
Spain
sweden
Switzerland
(reat Britain

\ Active system FPlanned system /

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Regulatory framework, |V

» Feed-in tariffs — the most usual

— Fixed tariff or
— Market price cap

— Importance of wind forecast:

 obligation to communicate to the grid operator the power
production they forecast each day

« if the deviation in each of the scheduling intervals is more than
20% higher or lower than the forecast production — penalty!

— Reactive power: penalty or bonus

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Physical principles of wind
energy use

I~
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Content of lectures

» Wind characteristics
— Time and space variability

» Wind statistics

— Measure — correlate — predict
— Wind atlas

» Wind energy production
— Use of wind statistics
— Power curve
— Energy production

» Further reading
.

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind characteristics

> Wind is movement of air masses

— caused by pressure differences (resulting from
temperature differences)

— influenced by rotation of the earth and terrain
features

» Wind is converted solar energy (1 ~ 2 % of
solar energy input)

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205



UTRTUAL BAl KoM POWER CEMTRE

Variability of wind in time

/N

variability * Sea brec_eze .
e mountain slope winds

large scale weather systems
* high/low pressure systems
e seasonal variations

“spectral gap”

contribution to wind speed daily patterns (often thermal driven): N

turbulence, related to
* terrain, obstacles
e storm fronts (gusts)

year month day hour minute

a\ > time scale

second

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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weather systems

topography

terrain roughness

obstacles

———>
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Wind — intermittent energy source

~

» Long-term distribution of observed wind speeds conforms
well to the Weibull probability density function

» Development of wind prediction tools!
— System reliability and to to avoid costs of deviations

\Y
WW I CESEES

time
hours/year probability density
- Vv o : v,
frequency distribution probability density function

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205

A




UTRTURL. BRl kKA POWER CENTRE m

Mathematical modeling of wind spee
- \

» Long-term distribution of observed wind speeds conforms
well to the Weibull probability density function

» The Weibull probability density function expresses the
probability p(x) to have a wind speed x during the year, as
follows

» validfork>1,x=20,andc>0

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind statistics

{ » How to obtain wind data?

problem: solution:

use existing data  other site not use of correction
from other site representative methods (terrain,
obstacles)

not possible to ¢orrelate with other

measure loNg  sjte which has reliable
erform local - -
P enough to obtain  ong term statistics

measurements long term

\ statistics

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind statistics, I

P
» Measure — correlate — predict

reference meteostation
long term data and statistics

measurements at
location N

simultaneous measurements

develop correlation

modify long term statistics

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind statistics, |l

/>Wind atlas methods A

key concept for correction:
IF sites A, B and C are close enough, they have the
same macroscale wind climate
corrections can be made for micro/meso scale
effects assuming constant Geostrophic wind speed

' site C: increase of wind speed

: site B: lower wind speed (acceleration)
site A (surface friction)
rough terrain gentle topography

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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| atlas
5p.dk/

L 500 km

I Wind resources! at 50 metres above ground level for five different topographic conditions Wind resources over open sea (more than 10 km offshore) for five standard heights

i Sheltered terrain® Open plain? At & sea coast! Open sea® Hills and ridges® 10m 2B m 50m 100 m 200 m

= ma~! Wm2 | ms! Wm-2 ma=! Wm-? ms—! Wm—2 ms~1! Wm=2 ma~! Wm—2 ma~! Wim—2 ma~! Wm 2 ms~! Wmn~? ms=! Wm~2

zhd > 6.0 > 250 =75 =800 | -85 >700 | >90 800 | >1l5 ~ 1800 >80 >600 | >85  >700 | >890 =800 | >100  >1100 | >1L0 = 1800

F 5.0-60  150-250 | 6.5-75  300-500 | 7.0-8.5  400-700 | B8.0-9.0 600-800 | 10.0-11,5 1200-1800 7.0-80  350-800 | 7.5-8.5 450-700 | 8.0-9.0 600-800 | B.5-10.0  650-1100 | 9.5-11.0  900-1500

£ 4550 100160 | 55-6.5  200-300 | 6.0-7.0 250-400 | 7.0-8.0 400-600 | 85100  T00-1200 6.0-1.0  250-300 | 6.5-7.6  800-450 | 7.0-8.0  400-800 | 7.5- 85  450- 650 | B.0- 8.5  600- BOO
3.5-4.5 50-100 | 4.5-55 100200 | 50-60  160-250 | 55-7.0  200-400 | 7.0- 8.5  400- 700 4560 100250 | 6.0-65 150-300 | 65-7.0 200400 | 6.0- 7.5  260- 460 | 65- 8.0  300- 600
<36 < 50 < 4.5 < 100 < 5.0 = 1560 = 5.5 < 200 < 7.0 < 400 < 4.5 < 100 < 5.0 < 150 < 5.5 = 200 < 6.0 < 250 < 6.5 < 300

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation

Contract: INCO-CT-2004-509205
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Wind energy production
o e

N

» Energy in the wind (energy/m?) is proportional to: A
— air density
— cube of the wind speed
» Not all of can be used — Betz cofficient 16/27
» Energy from the wind (energy production of a wind
turbine) differs from energy content because:
1. only starts at “cut-in” speed o
2. efficiency varies Souer /
3. reaches max generator power
4. stops at extreme wind speeds ‘ /
e/

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation

Contract: INCO-CT-2004-509205
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Wind energy production, ||

/’f
» Electricity production

— wind turbine turns the kinetic energy of the wind into
mechanical energy — conversion of mechanical to
electrical energy

— the amount of electricity delivered is dependant on the
Weibull parameters and the power curve

— power curve of a wind turbine —
electrical power output
at different wind speeds

. i

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind energy production, I

» Assessment of energy production

Power
kKW
contribution to
annual energy
production
kWh
_ V
hours/year

total area = annual energy production

g "V .
Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Further readings
c I

http://www.windpower.org/

http://www.eere.enerqy.gov/

http://www.windatlas.dk/

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind power technology

“!  Sixth Framework Programme, DG Research, International Cooperation
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Content of lectures
p

» Wind turbine design

— Orientation of axis
— Number of blades
— Rotor power regulation

» Wind generator concepts

— Constant speed turbines -
— Variable speed turbines ,ﬁl
» Power system impacts i
— Local impacts it
— System-wide impacts |
» Further readings /H r
|

N ;

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind turbine

-

» Wind turbine turns
the kinetic energy of
the wind into
mechanical energy

» Mechanical energy is
used to turn the rotor

» Energy is finally
converted into
electrical energy g Evcito

Connections
(Front View)

N

Macelle with

Foundation
(Side View)

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind turbine development

-
— growth In size

@ = Rotor Diameter

1980 1990

H\ Source:EWEA

2,000 kw
@ 80m

1995

5,000 kW
@ 124m

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation

Contract: INCO-CT-2004-509205
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Wind turbine characteristics
A Il

» Orientation of axis

— all modern wind turbines have horizontal axes

— the only vertical axis turbine - Darrieus machine, (French
engineer Georges Darrieus, patent in 1931)

» characterised by its C-shaped rotor blades

— advantages of a vertical axis machine - generator and
gearbox are placed on the ground and no yaw mechanism is
needed to turn the rotor against the wind

— disadvantages of vertical axis machines - low wind speeds
close to ground level, low efficiency of the machine and
machine is not self-starting.

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind turbine characteristics, ll|
A Il

» Number of blades

— most modern wind turbines are three-bladed

— two-bladed and one-bladed:
 saving the cost of one or two rotor blade
 lower turbine weight

* require higher rotational speed to yield the same energy
output

* higher rotational speeds - disadvantage both in regard to
noise and visual intrusion

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind turbine characteristics, |V
p

» Rotor power control A

— Stall controlled
 Passive

— inherent aerodynamic properties of the blade determine
power output

— Nno moving parts to adjust

— turbulence occurs behind the blade whenever the wind
speed becomes too high

» Active
— Pitch at low wind speeds

— At high wind speeds machine will pitch its blades in the
opposite direction from what a pitch controlled machine
does — blades go into a deeper stall, thus wasting the
excess energy in the wind

— Pitch controlled

 angle of the rotor blades can be actively adjusted by the
\ machine control system Y,

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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- Wind turbine characteristics, |V
e
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Wind generator concepts

ggenerating systems different from conventional
synchronous generator:

— constant speed turbines

 squirrel cage induction generator
— directly coupled to the grid

— variable speed turbines

 doubly fed induction generator
— rotor is connected to the grid through a back-to-back voltage source
converter which controls the excitation system in order to decouple the
mechanical and electrical rotor frequency and to match the grid and rotor
frequency

» direct drive synchronous generator
— completely decoupled from the grid by a power electronics
converter connected to the stator winding

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind generator concepts, Il

~

» Squirrel-cage induction generator system

Y
10

» the power converted is limited by designing the turbine rotor

in such a way that its efficiency decreases in high wind speed
» always consumes reactive power

* not able to control and regulate the voltage level
N  capacitors close are necessary to avoid a voltage decrease .

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind generator concepts, Il
‘ \

» Doubly fed induction generator

Y
1@

B

» due to power electronics regulation, generator operates over
a relatively large 212|063
« electrical power is indepe ~dent from the speed
» the concept allows turbine operation at the aerodynamically
N optimal point for a certain wind speed range .

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Wind generator concepts, IV

» Direct drive synchronous generator

| © b e

 turbine and generator are directly coupled, without gearbox

* generator used in such systems is high-pole synchronous
generator designed for low speed — large generator, thus
large nacelle

el ilehNEN RV GldaDIEe-SPeeChWING, s -lDNeKi=0 Ve -1
box with low ratio”— 1051 S UMBEr Of PO\, /Al ZaaTa) 20

*\ smaller generator iy J

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Integration into power system

a Fﬂ/ﬁ\;@ I

1 O O
Y
w8

micro scale mteractlon TN
» grid variations affects turbine generator t
\__ *turbine influence on consumers, flicker etc Properties .

difea

- -

—’

criteria for grid

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Power system impacts

~

" » local impacts — occur in the electrical vicinity of the
wind farm and can be attributed to a specific turbine
or farm

— branch flows and node voltages
— protection schemes, fault currents, and switchgear ratings
— power quality: harmonic distortion and flicker

» system-wide impacts
— power system dynamics and stability
— reactive power and voltage control
— frequency control and load following/dispatch of conventional units

» TS0 requests — improved wind prediction and ability
of WPPs to deal with voltage dips without
disconnection from the network

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Further readings

" » Guided tour on wind energy
http://www.windpower.org/en/tour.htm

» Wind Energy — The Facts, Volume 1: Technology,
European Wind Energy Association (EWEA),
http://www.ewea.org/index.php?id=91

» UCTE Position Paper on Integrating wind power In
the European power systems - prerequisites for
successful and organic growth, 2004

http://www.ucte.org/pdf/Publications/2004/UCTE-
position-on-wind-power.pdf

. S
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Economics of wind power
plants

I~
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Content of lectures

“ I
» Energy project economics basics

» Wind power project economics

— wind power project expenditures
» cost of electricity production

— wind power project revenues
— generating costs of wind power
— case study: WPP Stupisce

» Further readings

. S
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Project economics basics
d R

» Economic analyses of investment projects are based on
the progress of future cash flows during the lifetime

of the project

» Evaluation of project cost effectiveness —=> profitability
Indicators

» Analysis with taking into account the time value of money
-> discount rate

» The most common and widely used presentation method
of project’s economic benefits assessment is a cash flow
analysis

. S
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Project economics basics, ||

\
» Net cash flow

NCF = cash inflows — cash outflows
NCF = — Investment + gross income (income from
electricity sales) — O&M costs — taxes

Tax = tax rate * (gross income — operating costs —
depreciation — loan interest)

NCF= — equity-financed capital expense + gross
Income — O&M expense — taxes — (debt principal +
L debt interest) Y.

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Project economics basics, |l

» Net cash flow — necessary input data
Economic Expenditures and
Financing parameters Revenues
terms
Total [€] | Economic years | Annual income [€]
investment lifetime
Debt ratio [%] | Inflation rate [%] | Annual O&M costs | [€]
Debt [%] | Income tax rate [%] | Periodical [€]
interest rate maintenance costs
Debt term years | Depreciation No/SL/ | Salvage value [€]
method DB

. S
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Project economics basics, |V

/’f
» Profitability indicators

— Net Present Value

— Internal Rate of Return

_ Payback period NPV - net present va_Iue
: PV, - present value in year t
* simple \ - project lifetime
* pay-off d = discount rate

| = initial (investment) costs

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Project economics basics, V

» Sensitivity analysis

— Determine which factor(s) of interest may vary from
the most likely estimated value,

— Select the probable range and increment of variation
for every factor,

— Select the profitability factor to be calculated,
— Calculate the results for every factor,

— To better interpret the results, graphically display the
cost factor versus the profitability indicator.

. S
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Wind power project economics

g The main parameters governing wind power A

project economics:

— Investment costs;

— Operation and maintenance (O&M) costs;
— Electricity production/average wind speed;
— Turbine lifetime (lifetime of the project);

— Discount rate.

» Selecting the right site is critical to achieving
economic viability!

. S
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revenue: energy sales + “green credits”

+ subS|dy I I
W e .

scrapping

preparation O&M, operation

construction

project is viable

based on NPV a Source: ALTENER
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o

Wind power project expenditures

-

N

» Investment costs -
Large Wind Farm Small Wind Farm
Cost category (%) (%)
Feasibility Study <2 1-7
Development 1-8 4-10
Engineering 1-8 1-5
Energy Equipment 67-80 47-71
Balance of Plant 17-26 13-22
Miscellaneous 1-4 2-15
» Specific investment costs 900 €/kW to 1.150 €/kW y

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation

Contract: INCO-CT-2004-509205
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Wind power project expenditures, Il

-

% of total investment
costs for foundation and

80 electrical infrastructure offshore
much larger than onshore, drive
60 I towards
large wind turbines
40 II ||‘ and
large wind farms
20 II

onshore offshore

0

B wind turbine M foundation

[ electrical infrastructure . miscellaneous

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205



UTRTURL. BRl kKA POWER CENTRE m

Wind power project expenditures, ||
d I

» |Investment costs
— up to 80% are wind turbine costs

» Operation and maintenance costs

— no fuel costs

— land lease, insurance, transmission lines maintenance, parts
and labour, administrative costs

» Cost of capital

— strong influence of discount/interest rate
» Depreciation

> Profit tax
— in Croatia 20%

. S
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Wind power project revenues
i« \

/7 \

power sales

energy production agreement

» wind resource > fixed tariffs

» wind farm wake losses > time linked (day, season)
» wind turbine power curve > capacity credit

» wind farm downtime » charges for reactive power

»>“green certificates”

. S
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- Wind power project revenues, I
! g Guaranteed purchase price for the whole amount of A
electricity produced

— guaranteed in its full amount

— prescribed as a price cap on the electricity market price

— aimed at reflecting the environmental benefits of the technology
— prescribed purchase price for every RES type

— differentiation according to the installed power

» Lack of complete regulatory framework can be a serious
problem!

. S
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Generating costs of wind power
i« \

» Calculated by discounting and levelising investment and
O&M costs over the lifetime of wind turbine, divided by
the annual electricity production.

» Approx. 4-5 €cents/kWh at sites with very good wind
velocities: 6-8 €cents/kWh at sites with low wind
velocities

» Cost reduction of over 50% In the last 15 years

» With a doubling of total installed capacities, the cost of
production per kWh from new wind turbines will fall by
between 9% and 17 %

. S
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Generating costs of wind power, Il

-

12,00
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:
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Fig. 1: The Costs of Wind Power as a Function of Wind
Speed (Number of Full Load Hours) and Discount Rate

\

Medium wind Coastal
areas areas

1,500 1,700 1,800 2,100 2,300 2,500 2,700 2,900

NMumber of full load hours per year

= 5% p,a,
=7 5% pLaE,

10% p.a, Source:EWEA

Fig. 2: Using Experience Curves to lllustrate the Future
Development of Wind Turbine Econemics until 2010

.
5
&
5

10 years doubling time of
installed capacity

5 years doubling tme o
installed capacity

2002 2003 2004 2005 2006 2007 2008 2009 2010

Source:EWEA

N
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Generating cost of wind power, |l

a I

Fig. 3: Total Costs of Wind Power
(c€/kWh, Constant 2001 Prices) by Turbine Size

Fig. 4: Projected Costs of Conventional Power
(2001 c£/kWh)

=Y
[=]

= o o

Coaslalsite (8.9 m/s)
Inland=site (6,3 my/s) I|
[ f

c€,/kWh

5]
a
4
3
2
1
0

Turbine size
M Coastal site

W Inland site

Source: OECDAEA (1988), updatad to 2001 € pricas.
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Case Study: WPP Stupisce

d \
» preparation work began in 1996

» pilot project proposed within national wind energy
programme ENWIND (all following data are taken from
ENWIND)

» the average wind velocity 20 meters above the ground is
equal to 6,73 m/s and average power equals 431 W/m2
(analyses done by WAsP methodology)

» Conceptual design:
— seven NEG Micon 900 kW wind turbines,
— hub height 55 m
— rotor diameter 52,2 m

‘. — annual net electricity production is assessed to 15.282 MWh. ~ /

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Case Study: WPP Stupisce, |
d \

» Specific investment costs 980 €/kW
» With additional substation 35/10(20) kV, 8 MVA specific
iInvestment costs are 1.100 €/kW
The structure of the investment HRK

Preparation work on the micro-location 900.000
Project documentation 750.000
Preparation civil engineering work 4.065.000
Equipment, transportation, instalment, etc. 36.784.000
Cable connection 10 kV and 35 kV 3.674.000
Total WPP StupisSée (till grid connection 46.173.000
place)
Substation 35/10(20) kV Stupisce 6.372.000

\ Total 52.545.000 /

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Case Study: WPP Stupisce, ||
d \

» Maintenance costs assessed according to all material
costs to 1,7% of the investment (equipment and civil
engineering work)

» Labour costs are assessed according to the 1 employee
with annual gross income of 10.000 €

» QOperation costs are calculated as 0,3% of total
Investment and

» Miscellaneous costs are assessed to 10 % of personnel
costs

» O&M costs also include material property insurance
which equals to 0,8% of the investment (equipment and
. civil engineering work) i

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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- Case Study: WPP Stup

LI A 4

ISCeE,

1V

-

N

INPUT DATA

Construction time year 1
Economic lifetime yvear 20
Generator rated power kW 900
Number of units 7
Total installed power [ \V/AVAVA 6,3
Average annual wind velocity m/s 7,3
Investments — financing mode and terms

Total investment cost 000 HRK 46.173
Debt ratio Y% 75
Debt term year 8
Debt interest rate % 8,0
Grace period half-year 2
Number of debt payments half-year 16
Required internal rate of return % 10,0
Electricity production

Operational hours h/year 2.426
Electricity production MWWh 15.282
Depreciation (straight-line model)

Depreciation rate for civil works % 5,0
Depreciation rate for equipment % 6,67
Depreciation rate for non material assets Y% 20,0
Employment

Number of employees person 1
Specific labour costs (annual gross) HRK/per. 75.000
Operation and maintenance costs

Maintenance costs (% from investment in civil works and

equipment) % 1,7
Insurance costs (9% from investment in civil works and

equipment) Yo 0,8
Operation costs (% from total investment) Y% 0.3
Miscellaneous Y% 10
Income tax Y% 20
Electricity price HRK/kWWh 0,427
RESULTS

Pay back period Wi==1d 9,8
Internal rate of return % 8,4
Net present value HRK -4.383

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Case Study: WPP Stupisce, V

» Sensitivity analysis
VARIABLE PARAMETER NPV IRR SPB
Electricity selling price (000 HRK) (%) (years)
(HRK/kWh)
0,380 -9.204 6,51 11,27
0,427 -4.383 8,40 9,8
0,470 0 10,00 8,8
0,522 4.955 11,76 7,8
0,569 9.445 13,29 7,1

N
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Further reading
a I

Wind Energy — The Facts, Volume 2: Costs & Prices

European Wind Energy Association (EWEA)

http://www.ewea.org/index.php?id=91

. S
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Environmental impacts of wind
power plants

I~
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Content of lectures

/N

/> Global impacts

— emission of CO, and effect on climate change

» Regional impacts

— emission of other pollutants and production of
waste

» Local impacts
— nuisance
— ecological
— other

» External costs
» Further readings

N

~
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General
e I

» Wind energy has strong positive effects on the global
and regional environment

» Possible negative effects on the local environment;
these can be avoided through proper planning

» Major public opposition is related to actual and
imaginary nuisance; can be reduced through a fair
and careful information campaign

. S
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Not In My Back Yard Syndrome

-

N

POSITIVE

global and regional " less acid rain

effects

= less CO, emission
= less global warming

fear and resistance of local residents
block wind energy development at planning stage
despite support for wind energy in general

= visual impacts

“_ | =dead birds

" noise

= fabricated imaginary influences

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Global impacts

» Atmospheric emissions (energy chain):

— Emissions are two orders of magnitude lower then from fossil
fuel power plants

» CO, equivalent emissions (energy cycle):
— Wind power plant 6-9 g/kWh
— Coal power plant 800 g/kWh
— Natural gas power plant 260 g/kWh

» Each kWh wind energy saves 800 ~ 1000 g CO,

» 600 kW turbine saves 1000 ~ 2000 ton CO, annually,
modern (larger) turbines 4000 ton CO,

. S
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Regional impacts
- \

» A unit of wind turbine electricity displaces a unit of
electricity which would have been produced by a
conventional power station, and thus prevents the
emission of polluting chemicals:

— Acidifications agents: SO, and NO,,

— Dust particles

— Solid waste, ash, slugs

— Photochemical smog agents: hydrocarbons and NO,

. S
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Local impacts
- » Human perception (nuisance) E
— visual impacts on landscape
— land use: interference with other activities, such as farming,
fishing
— moving shadows
— noise
— electromagnetic interference
» Ecological
— birds
— effects from construction activities
— hydrological disruption
— effects on marine life (offshore)

. S
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/N

Nuisance

» visual impact

— visible change in the
landscape

— perception is highly
subjective

Remedies: <
N v

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Nuisance, |l

» shadow flickering

— occurs only during
bright sunlight i

— can be exactly
oredicted -

— it is a very local effect:
worst case within
distance < 7 ~10
diameters

rotation

N

moving shadow

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Nuisance, lll

g I
> noise

— noise level on 300 m
distance: 35 - 45 dB
« quiet bedroom 35 dB %

 busy office 60 dB

* pneumatic hammer (7
m) 95 dB

« pain limit 140 dB

recommended distance
> 150 ~300 meter

m

. S
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~

Nuisance, |V

» electromagnetic interference
— solved by proper sitting of WPP

% \“\reflected signal
transmitter..-
‘Nter erence
main signal

N receiver /
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Ecological effects

gbirds

— 3,1 bird Causes of Bird Fatalities
rr;orta“ty per Number per 10,000 fatalities
installed MW Wind Tutbines | <1

= Communication Towers
— collisions e
* birds shift flight .
paths to avoid | o
CO”iSion High Tension Lines
— disturbance i
1 Cats
e birds tend to -
avoid Windpark Buildings/Windows
area or get 0 1000 2000 3000 4000 5000
accustomed Source: Erickson et al,, 2002, Summary of Anthropogenic Causes of Bird Mortality,

N
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Other interesting complaints

> wind turbines are dangerous A

» horses are frightened
» wind turbines cause headaches

» promote lice on potato’s and disturb
agriculture

NON ARE TRUE!

- y
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External costs
e I

“* benefits and costs which arise when the
soclal or economic activities of one group
of people have an impact on another, and
when the first group fails to fully account
for their impacts ”

(European Commission, 1994).

. S
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i External costs, Il

Costs

Cost of Winad
ce kWh 4.4 4.1

Social Cost of Energy

External Cost®
e EWh R I 0% — 016

Ry 7 : Social Cost 4.49 - 4.66 4.19 - 4.26
T Internalisation of external costs

SERT—— makes wind energy competitive
with conventional energy
sources!

L3
I Coal Gias

Costs Spain Denmark Denmark

L Irternal cost®

", i/ kWh 2.93 .41 . 523

- Extamal Cioest

rr i kWh 4.8-7.7 3.5-85 1.5-3.0

o Total Cost 8.73-11.63 .01 -0.01 673-8.93

3\ -/
d
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Further readings
i« \

Wind Energy — The Facts, Volume 4: Environment

European Wind Energy Association (EWEA)

http://www.ewea.org/index.php?id=91

. S
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Implementation of wind power
projects

I~
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-
=

Feasibility study

-

economic

oo - ~  technical feasible ? :
IS site available “ feasible ?

)
{

5

YES

/O
Q-

proceed with site development

N
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. Construction

-

» permit — contracting — construction

» construction

— manufacturing

— construction work on site

— transportation

— erection and assembly of
turbines

— installation of electrical
equipment

— testing

— commissioning

N
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Conclusion:
Benefits from wind energy use

I~
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In a nutshell
e I

» Improved security of energy supply — reduced energy
dependence through reduced energy imports

» Environmental benefits — emission reductions due to
less energy produced from fossil fuel fired power plants

» Improvement of overall economic situation in the country
— development of small and medium-size enterprises
and creation of new jobs

. S
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Sources and useful links

-

Sources
(lectures preparation):

» ALTENER project AL/68/22

Renewable Energy Course
Materials CD

(Courses ENG6, ENG7,
=\[ete)

» VBPC-RES Publications,
available at
http://www.vbpc-res.orqg/

N

» The European Wind Energy Association

Links: A

The World Wind Energy Association
http://www.wwindea.org/

http://www.ewea.org/

The British Wind Energy Association
http://www.bwea.com/

Danish Wind Industry Association
http://www.windpower.org/en/core.htm
The American Wind Association
http://www.awea.org/

U.S.DOE Energy Efficiency and
Renewable Energy

http://www.eere.enerqgy.gov/

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Thank you for your attention!

Contact:

i vesna.bukarica@fer.hr
TN -
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Wind energy

Classroom Exercises

Vesna Bukarica, M.Sc.E.E.

Faculty of Electrical Engineering and Computing,
University of Zagreb
Croatia

. S
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Exercise 1

_ ™
»Wind turbine is used for powering

electric motor of a water pump, which
has a rated power 100 kW. Average
wind speed is 5 m/s. What is the minimal
required radius of the wind turbine?
Assume air density is 1.225 kg/m?* and
maximal Betz coefficient 0.59.

=\ y
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Exercise 2
p

» The wind turbine diameter is 100 m. Wind E
turbine reaches nominal power at wind speed
11 m/s and it doesn't operate when wind
speed Is less then 5 m/s or higher then 25
m/s. How much energy would wind turbine
produce if following data are assumed:

— 45 % of time wind speed is below minimal
— 10 % of time wind speed is above maximal
— 25 % of time wind speed Is 8 m/s

— 20% of time wind speed is between 11 m/s and 25
m/s

— Air density is 1.22 kg/m3
v Betz coefficient 0.45 y.

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Exercise 3

. . - I
{ » Wind power project analysis using RETScreen

software

» http://lwww.retscreen.net/

» Suggested case study: Grid connected
windfarm (available for download —
assignment 04)

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205




UTRTURL. BRl kKA POWER CENTRE m

Exercise 3

‘ » Site data:

— 6.2 m/s at 30 m height

— 20 MW wind farm, 300 kW wind turbine

— replacement 50 % coal and 50 % large hydro

> Financial data:
— Inflation rate 2.5%, discount rate 12%
— project lifetime 25 years

— feed-in tariff 4.16 MU/kWh, escalates 5% annually (MU
stands for “money unit”)

— debt financing 75 %, debt term 7 years, interest rate 14 %
— Income tax 35 %

\ » Task: perform financial evaluation of a wind power project! J
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a I
GEOTHERMAL

ENERGY

by
Dr. C. Karytsas, D. Mendrinos, and K. Karras
Centre for Renewable Energy Sources

July 2006

. S
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M

Geothermal energy : The Reliabl

Renewable

J .

i - e B
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Temperatures in the Earth

Temperatures
in Celsius

Depth in
kilometers
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Geothermal Energy forms m
¢ -

» High Enthalpy:
— Ground rocks & water heat of temperatures
> 150 °C
» Low Enthalpy:
— Ground rocks & water heat with temperature
25-150 °C
» Shallow geothermal energy:

— Rocks and water of low depths with
temperature < 25 °C

=\ y

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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- Geothermal Energy applications in the
8 R
= > Electricity Production 3000
o 2500
2000
. ] 1500  |oElectricity
+ > Heat utilization 05 T
“ 0 O Heat
applications
2 - MWith
» Geothermal Heat PumpS 2 lgeotr:aermal
£ -] eat Fumps
i
AN A

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Geothermal Powerstation viev

“!  Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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High-enthalpy (temperature) drili

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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From Bertani 2005

/N

-

Imstalled Elzctincaty
Capacity rensrahion
[MW) [GWhiy]

5 833
37 74:

N

Table 1: Inztalled Capacity and Energy Generation.

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Flant category: installed capacity
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Electricity Production

gCapitaI cost:

800 — 1600 € / kW(e)

2—-3%

» Energy cost:
0,03 — 0,09 €/ KkWh(e)

N

900
800
700

» Operation and Maintenance cost:6%0

500
400
300
200
100

0-

N

Italy

Portugal

France [™

Austria_\,
Germany | ™\

O MWe

(200

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation

Contract: INCO-CT-2004-509205
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Thermal applications (I)

e .

» Buildings heating

» Heating of Greenhouses and soils
» Spas 600
> Other applications igg

300
200

N

European Union

Spas
Other

%)
o
=
o
=
m

Greenhouses

E MWt
(199

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Thermal applications (II)@

gCapitaI cost:

200 — 1400 € / kW(th) 450

400
350

» Operation and Maintenance cost: 3%

2 -3 9% 200
150
100
)

MWith (2002)

» Energy cost:
0,005 - 0,035 € / kWh(th)

o

Italy |

N

QpEEheTe ey
SYSugP®gSopN

mSoZEoag Bl
=17 (&) E n

~

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Gaotharmal Heai Pumps
Spaca Heatling
Grasnhouses
Sugueacuttura

agricuttural Drylng
Industrial

Bathing and Swimming
Cooling ! AIr Condlitloning
Otnhers

o = |

5
Applications

Fiznre 1: Comparizon of worldwide eperey uze in TJvr for 1995, 2000 and I005,

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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District-Heating
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| ralanoupous—rspas system
specifications

gBorehole ~60m3/h, 52°C
» Heat exchanger

» Re-injection at 37°C

» Power 1 MWth

» Underground PP piping

» 4 buildings of 11 rooms

» Spas buillding

» Floor system 40=30 °C
» Hot water pre-heating

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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. Power-production by use of an O
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Heating:100% Heat

Detonation ﬁ

valve Compressar 20% electricity

Ground: 80% Geothermal energy

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Operation principle

—= HHHH Evaporator

Cooling seawater
I

Geothermal
water out

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Kimolos desalmatlon unit

. Photo 1: The desalination unit

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Fish farming

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Drilling-rig view

e e
P
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Contract: INCO-CT-2004-509205
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Borehole section

DRILLIMG CASING CEMEMT-JOB

J water-sealing
1

water-sealing

TTITTT
i
i A

i
L smm i 1

GEOTHERMAL BORE-HOLE OF SALOMICA AIRPORT "MACEDOMIA"

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Submerged pump placement in a law.

temperature well in Langadas

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Langadas Geothermal Cascade Utilizati

System

§90 m3/h water at 22-40 °C

» 3 boreholes 8" of 100-200 m __
»> 2.2 km water transportation pipe 3
> Water Tanks T
» 8 Water-source Heat Pumps

» Building entering temp. 45 °C 58K
> Low temperature heating system - -
» Automations (Inverter)

\ y

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Geothermal Heat Pumps (I)

-
» Shallow Geothermal energy (t < 25 °C):
— Heating & cooling
with water-cooled heat pumps

x Y

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Geothermal Heat Pumps (lI)

A
> Capltal COSt: Installed power, MW(th)
600 — 1800 € / kW(th)
1200
» Energy cost 1238
(Electricity & maintenance): 600
0,012 — 0,024 € / kWh(th) 2000 o 20bn
200 32002
» Energy cost (Including capital with ol bk AL
money cost 5% for 20 years): 3 *g g8 8
0,030 — 0,048 € / kWh(th) 42§ =K
g i

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Heat Pump Ground Loops

Horizontal

N

Sixth Framework Programme, Sixth Framewor
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Technology

N

-\

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Pylaia Town-Hall system specificati

: R
© »21 6" boreholes

»380 m deep

. »>U-tube, @ 40

© »10 Water-source HPs
: 155 kWith & 215 kWC
' »Fan-coils

» Central AHU

- Y,

Sixth Framework Programme, Sixth Framework Programme, DG Researc h, International Cooperation
Contract: INCO-CT-2004-509205
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Heat Pumps in Pylaia Townha

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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NTUA Building

gBorehole of 280 m, 35 m?/h,

22 °C = 80 % energy

» 13 VEHESs 872", 90 m deep,
U-TUBE = 20 % energy

1 > 2 Water-source HPs

5 P 526 kWth & 461 kWC

- »>COP=33-3,5

5\ S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Fan-coll in Pylaia Townhall

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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European Public-law Centre

» Borehole 24 °C

» Heat Exchanger

» 2 Water-source HPs
» 70 kWth & 100 kWth
» Fan-coils

» 2 Central AHU

» Solar Collectors
»COP =3,91&4,3

N
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Py Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Geothermal ORC & MED in Milos

§8 B \
oreholes 70 — 185 m —~

> Total 550 m®h

» Wellhead Temps. 55 - 100 °C

» 20.000 — 55.000 ppm

» 75 m*/h GEOTHERMAL
MED Unit

» ORC 600 kWe

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Geothermal Energy applications |

Greece (2005): 74 MW
- \

/
/
I /

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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eothermal Energy applicatio

Greece (2001): 71 MW

@ Heating of Greenhouses
and Soils

W Heating of Buildings

0O Geothermal Heat Pumps

O Rest

B Spas

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205




Economic aspects off RES

Borut Del Fabbro



Competitiveness off RES

e RES are usually not competitive with
fossil fuels

e The price of fossil fuels does not include
the costs of externalities:
— CO2 emissions cause global warming
— Other pollution (SO2, smoke, ashes)

e In order for RES to be competitive usually
subsidies or other incentives are needed



Characteristics of Renewables

e High Up-Front costs (investment)
e Low cost O&M

e Stability of Output:

— Small HPP, Wind, Photovoltaics —
possible high variations between years

— Geothermal — extremely constant



Production costs

production costs per kWh =
(fixed costs + variable costs) / production

fixed costs = cost of capital (=interest +
principal) + insurance + other f.c.

variable costs =
fuel costs + maintenance costs + other v.cC.



Fixed costs

fixed costs = cost of capital (=interest +
principal) + insurance + other f.c.



Variable costs

variable costs =
fuel costs + maintenance costs + other v.c.



Overview of RES from an
Economic aspect

e Active solar

— energy efficiency dubious

— exclusively dependent on subsidies
e Passive solar

— In warm and sunny places usually feasible
also without subsidies

e Wind
— exclusively / mostly dependent on subsidies



Overview of RES from an

economic aspect (2)

e Small HPP
— mostly dependent on subsidies

e Solid Biomass
— normal combustion/fireing
— gasification
— steam turbine

— generation of electricity exclusively dependent on
subsidies

— generation of heat independent of subsidies — feasible
also under purely market conditions

e Biogas
— exclusively dependent on subsidies



Breakeven prices for RES

Approximate breakeven

I
- a2
market price - base - 3 months ago

I - T
market price -base-today| |
[ sme




Overview off RES from an
ECONOMIC aspect - summary

e Electricity production from RES Is
largely dependent on subsidies and
other financial incentives

e Heat production from RES (biomass,
solar) iIs competitive also under
market conditions



Production uncertainty

Distribution for production for one
year/D7

1,800
1,600
1,400
1,200
1,000

0,800
0,600
0,400

0,200
0.000
0,2 0,65

6252




Production uncertainty
— effect of “bad luck™

Distribution for average production in
10 years/D4

O~




Thank you very much
for your attention!



UTRTURL. BRl kKA POWER CENTRE @

-
: Electricity: Maket a Case oy

Market Powerin GENCO®

Prof. Dr. Robert Golob
Prof. Dr. Andre] Gubina

Faculty of Electrical Engineering
University of Ljubljana, Slovenia

Fojnica, Bosnia and Herzegovina, 17.-21. July 2006
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Lecture Toplecs

What is Deregulation All About?
Power Market Overview

GENCO in Deregulated Environment
Power Market Simulator

lllustration: GENCO Case Studies

o W N B
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1. What Is DereguiationtAll
ABOULZ

Regulated vs. Deregulated System
Official Goals of Deregulation
How Are This Goals Being Met?
Deregulation & Prices
So What Have We Learned?
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- What is Deregulaiion AllSALOHEZE

—> Physical Power Flow PRODUCERS

(ELES) \

DISTRIBUTION SYSTEN
OPERATOR(S)

i sl
“\ CONSUMERS

N Vertically Integrated
“TRANSMITION SYSTEM Power m
" | OPERATOR F--__ ower Syste
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Wihat We lHaveILeame @

Official Goals of Deregulation
2 ™

« Getting rid of vertically integrated monopolies
« Customer gets a right to choose

» Price / tariff reduction and alignment
 Entrance of new players and private capital

« |mproving the efficiency of operation
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Wihat We lHaveILeame @

How Are the Goals Being Met?

c I
 Deregulation:

(market) power has been transferred from transmission operators
to generators

e Liberalization:

due to lack of transparency (liquidity), the mobility of consumers
stays rather low

e Privatization:

large incumbents control the scene

« Efficiency:

‘. revenues are increasing and costs have been (drastically) .
decreased 7
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VWhat WWe Have Learnec
Deregulation & Prices

Highly dereglated

=5
=]
]

Finland
& i

ik
Spain

£
;

France

Pmmgalt
E:Elgiur‘l‘
Gm‘

a0
B0
7o
60
50
40
30
20

Luxembourg

110 100 30 &0 Poorly dereglated

Index 100 price 96
Price decrease g&i
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What WertsaveEeame @

So What Have We Learned?
2 ™

« No unique solution and no guarantee that it will
5 | work

" « Yet there are some extremely positive examples

* Liquidity of the markets — transparent price
= | Indicators are crucial

« The process is still evolving (continental Europe)

« Consolidation will mark the future outcomes
. %
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2. Power Marketr@Vernview

Situation in 1998
How Are This Goals Being Met?
Deregulation & Prices
So What Have We Learned?
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Power Maket GVervie \

Different Market Designs

-

N

~

Two distinct trading mechanisms:

e Central auction
» Bilateral trading

Central auction mechanism:
« Simple central auction mechanism (without economic dispatch)
» Highly complex auction mechanisms (based on unit commitment algorithms)

Auction types:

* Double-sided auction — demand side can be fully envolved
* Single-sided auction — only supply can submit bids to the market

Transmission & ancillary services:

« Electricity trading is done independetly of transmission and ancillary services
 The energy is traded with the transmission and ancillary service markets (usually
leads to nodal or zonal pricing market models) /

11
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Power Market Overnvie @

Day-Ahead Market

i _ I
e Hourly bids.

e Central auction mechanism.
* Double-sided auction.
« 24 simultaneous auctions for next day period.

 Single Market Clearing Price (MCP) for all
participants.

. |* Billateral trade is allowed.
1 %

12
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Power Varket OVervie
Auction Design

2

a I
Bl = B

Market Clearing
Mechanism

l

1

\ |

Auction Results
(prices & quantities)

}

13
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Power Market Overvie
Bids

 All bids are “Price / Quantity” bids.
e Supply bids: P|

* bids to sell energy

* Increasing or constant \

e Demand bids: p|

e bids to buy energy
 decreasing or constant
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Power Marketr @veRie \Z i!!

Market Clearing Mechanism

=
S
= 4
) )
o O
b:_ x
(@)}
C/ P
= o
O @
o \ Single price discovery
E Supply meets demand
<
=
: >
Sold / Bought Quantity [MWh/h]
Quantity
H\ (Traded Volume) /

15
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2. GENCOr@vernview

GENCO Types
Bids & Bidding Strategies
Scheduling
Billateral Trade
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GENCO @vernview,

« Different types of GENCO'’s: A

* Thermal (coal-fired, gas-fired, oil-fired)
 Combined-cycle (CHP)

e Hydro
 Pumped storage

 Nuclear

e Alternative sources
* Wind
e Solar

-@ifferent types of strategies & market bids.

17
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Basic Bid

+/Passive hid (strategy) — must-run bid: \

Price

>
Quantity

Bid for selling electricity by any price.

« Commonly used by hydro, nuclear and some types of
t ermal producers. Y.

18
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Bids & Bidding Strategies

'y
CUS1

>

Quantity

.. Production cost curve:

C=a+b*Q + c*Q?

N

fl’hermal GENCO:

« Marginal production cost bid:

Price

>

Marginal Costs

Quantity

Marginal production costs:
MC = 4€ =p + 25c*Q
dQ

>

Quantity

Marginal production
cost bid

A

19
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Bids & Bidding Strategies

fl’hermal GENCO: A

* Incorporating technical constraints into bid — P i, & P,

A
« Possibility for P, Modified marginal
= cgnstraint violation production cost bids

\Q mﬁ
D = |

/ P min F)m:ax Quantity

?Poési\bilityfor P / N Pm'ax Quamg /

ahd lnecAarnAara ad min
::constralnt violation """U'Vu'atc_“
must-run bid 20

Price

o
»

P.in Pmax Quantity

min

Price

Price
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Bids & Bidding Strategies

ﬂ—lydro GENCO: \

P

* No marginal production costs

opt IS Optimisation problem variable

Must-run bid

Price

* ol IS hydrology dependant

» Must-run bid ensures all available
energy is sold and no spillage occurs

uantit
I:’opt Q y

Price

e If unit has water storage
capacity large enough it can |
s Incorporate gaming into its bids: | . A

N

Popt Pmax  Quantity 21
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GENCOr@vernview

Scheduling
c I

;-CombmngENCO:

* It contains more than one unit (powerplant).

« According to market rules it can submit a single bid for all its
capacity.

 After the auction only uniform price and combined quantity Is
known.

* In fully liberalised market environment there is no central
dispatching.

» The problem of optimal unit comitment (UC) and economic
dispatch (ED) remains within combined GENCO.

« Different approaches to UC and ED can be used:
a\ » Classical optimization and hydro-thermal coordination techniques /
» Genetic algorithms, evolutionary computation, ....

22
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Scheduling

««Combined GENCO - example:

» Contains several different type units:

Unittype | P, [MW] | P [MW] | MC [€/MWnh]
0 50 0
70 130 30
20 70 60

Unit type

P [MW]
50

130

* Final economic dispatch
done by GENCO:

e

In this simple example the ED

e Submitted combined bid for
single hour:

a

Price

MCP

: >
Pood P Quantity
230 MW 250 MW

Sum of all available
capacity within GENCO

~

A

o0

is done by dispatching units
in MC merit order.

23
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3. GENCOniDereguiatea
ERVireRiment

General Overview
Power Market Simulator as Optimization Tool
Market Power
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GENCO Ini Deregulated Envine {K ét!!

General Overview

an ... A
« Significant shift in optimization criteria:

- = - L

Optimization criteria: Optimization criteria:
operating costs minimization profits maximization
The need for new Power Market
“\ optimization approaches ] Simulator /
and tools.

25
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» GENCO in Deregulatedr Enviiie %@

Power Market Simulator as Optimizatio

a . . A
« Bidding strategies optimization:

» Power market simulator can be on of the tools used in optimal
bidding strategy development for GENCO

« With simulation of different scenarios and approaches the
“optimal” bidding strategy can be found:

- by simulating GENCQO’s own different approaches and
tactics

- by modeling expected actions of the competition and
reviewing impacts a suitable counter-action can be formed

- by forecasting different trends (market prices, scheduled
plant decomissions or openings, ...)

. S

26
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GENCO Ini Deregulated Envine @

Market Power

-

* Due to the GENCQO'’s focus on profit maximization a
high probability of market abuse exists.

~

* The posibility (probability) of market abuse is usually
correlated with the GENCQO'’s market power.

MARKET POWER - the ability of a single or a group of
participants to raise prices above competitive levels.

Increases in Increases in
market prices profits

. S

27
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GENCOiin Deregulated =Envire

Market Power - Detection

e

i B
= | o« Common Indices:

« Hirschmann-Herfindahl (HHI) Index:

= S; — market share of producer i

N — number of producers in the system market power abuse

P

 Lerner Index:
- Much more dynamic

short-term marginal costs
= P — market price

MC — short-term marginal costs of

production

N . - Static index
HHI =10000 Z Si - Gives the level of concentration of production
=1 - Lacks the information about possibility of

- Troubles with obtaining “true” production

~

- 3 All indices share the low ability to detect
participant’s abusive behavior patterns.

28
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GENCO Ini Deregulated Envine {K ét!!

Market Power - Detection

\
 Power Market Simulator:

* Ability to simulate “reference scenario”.

» Possibilty of dynamic observations of prices, market shares,
guantities, profits...

« Ability to forecast market trends and impacts of different events
(planned plant maintainance outage, plant decomission or opening,...)

« Simulation tool can be extremely efficient in detecting possible
participant’s abusive behavior patterns.

— @

Power market simulator already used as a monitoring tool at
Agency for energy — a market monitoring body in Slovenia. |/

LI
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a I

4. Power Market Simulaon

General Overview
Technical & Financial Parameters
Bids
Bidding Strategies
Bilateral Contracts
Clearing Mechanism

a\ Results /
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Power Market Simulate
ol

General Overview — Modelling of Day-Ahead

[ fSUPPLY ] | System Parameters | | DEMAND \]”

(Technical & Financial | [ Technical & Financial |
L Parameters ) L Parameters J
: Bids ) : Bids :
:Bidding Strategies: :Bidding Strategies:
:Bilateral Contracts: :Bilateral Contracts:

:{ Billateral contracts
i are also

Results: Y.
Quantities & Prices )

31
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Power Market Simulate
Technical & Financial Parameters

-

* Installed Capacity [MW]
o Start-up Costs (thermal units)
» Operating Costs (thermal units)

» Hydrology — reservoir inflow (hydro units)

e Load curve

» Load forecast (short & long-term)
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Power Maket Simulaie
Bids

w |« Bids are made of blocks of quantities and prices.
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Power Market Simulate m
Bidding Strategies \
a I

 Bidding strategy is basically a series of appropriate one-hour bids for
corresponding number of simultaneous auctions.

34
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Power Viarkeh Sinyulaie @

Bilateral Contracts
e I

 Bilateral contracts are entered in the form of their load over time.

* The actual negotiated prices in bilateral contracts are unknown.

35
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Power Market: Simulato @

Clearing Mechanism

~

{ Clearing mechanism mimics the actual clearing process on day-ahead
power market.

 For each trading hour the Market Clearing Price (MCP) and quantities
of bought/sold electricity are determined according to market rules.

Josefena cena 1146 SIT / kiwh
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Power Maket Simulaie

P

'rr;|:
i

Results
_  Quantities: oy
* Price levels: -

P

Cena [SIT / kWh]

04,00 (5.1.02)

T .

fr =
'r:r (= L
e ) Mt
Fy, Bl

2  Market shares: [ Ss=fac
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-

5. Case Studies

Abusive Behavior lllustration
Scheduled Outages Planning
Pumped-storage Plant Operation
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Case Studies
Abusive Behavior lllustration

° Test System Producer  Unit Installed capacity Unit’s marginal cost
. B [MW] [c€/KWh]
characteristics: h 1 300 1.74
2 50 3.04
il 200 2.39
B 2 150 2.83
3 50 5.22
1 300 1.52
C 2 100 5.65
3 50 6.96

e Test system 24-
hour inelastic
demand diagram:

g
=3
e}
IS
o
-

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Time (h) _/
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Case Studies

Abusive Behavior lllustration — Witholding Strateg

~

« Example of possible price manipulation by producer A in
particular trading hour:

Producer’'s A .
: Extra profit for
5 A unit 2 to be ol o 4 rodF:JcerA o
ke witheld from S P
o market — Producer A plays % —
unilateral witholding ELJ
| strategy < \\\ 5
82 W N - % \\\‘\\\\ 'i
i — (Epa —
7 g
Dem nd Quantity \ Demand Quantity
Producer A Producer B Producer C Price mark-up in
particular trading hour
|:| Costs /

|:| Costs |:| Costs
\E Profit NN Profit ///// Profit 0
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1

Abusive Behavior lllustration — Witholding Strateg

* A view from the simulator - 6" hour of the 24-hour period:

=—>

pducer’s A unit
s to be witheld

eference scenario

Price mark-up in

particular trading hou

\Eroducer A is witholding

41
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Case Studies

Abusive Behavior lllustration — Witholding Strate

» Results:

« MCP levels during
observed period.

6

— — — ——— — —

MCP [c€/kWh]
» ol

w

Raised MCP levels as a
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 result Of Producer A
Time [h] 0 0
abusive behavior.

Reference scenario === =Producer A withholding unit 2

N

[y
[
o

Profit [* €1000]
=
o
o

]

Ralsed prOfIt Ievels as d Producer A Producer B Producer C

HQesult of Producer A
abusive behavior

~
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Case Studies

Abusive Behavior lllustration — Witholding Strate

» Results from Power Market Simulator:

eference scenario

eeeeeeeeeeeeeeeeeeeee

I esecne T Letne

Rised MCP levels as a result
of Producer A abusive
behavior.

~

Producer A is witholding
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Case Studies

Scheduled Outages Planning

e Test system:
o Supply:

Producer type No. of prod

Thermal (coal-fired)
Thermal (gas-fire

Nuclear 1

Hydro 3

Total: 12
 Demand:

Peak demand: 1891 MW
Base load: 692 MW
Annual consumption: 11.3 TWh

» Simulated period:

g\ 1 year

Nuclear producer is \H
planning a 1 month
maintenance outage.

Combined installed capacity
[MW]
857

386

337

812
2392

» Neighbouring systems:
2 neighbouring systems
Maximum transfer capacity: 300 MW

A
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Case Stlidies
Scheduled Outages Planning

Dﬁ 2verag s il Outage planned i\

Np scheduled outage
May

Povpreéne doseZene cene

Moderate price spikes as a
result of outage in May.

Daily average prices
Scheduled outage in May

Changes in prices:

Av. price | No outage Outage
levels [c€/kKWh] [c€/kWh]
2.40 3.87 (+61%)
38 3-91-(+3%) /
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Case Studies

Scheduled Outages Planning — Uncoordinated Planning

Ddily average prices 0 \\
Nécheduled outage OUtage planned In
' August

in August also one of
the biggest thermal power plants
consideres 1-month scheduled

outage.
Daily average prices
Neduled outage in August

Cena [SIT / kWh]

Changes in prices:

A ' O Outage
Yévperlls(:e outage €/kV?/h o
[cewn] | L€ ]

2.63 7.47 (+184%)
3.78 4.20 (+11%)
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Case Studies

Pumped-storage Plant Operation
a I

 Pumped-storage plant characteristics:

- Maximum production capacity: 50 MW
- Maximum consumption capacity: 50 MW
- Upper reservoir capacity: unlimited

 Bids submitted each trading hour:

Price

(¢}
T Minimal difference between sell price 2
and buy price needed to cover the =

energy transformation losses.

. , .

Quantity Quantity 47
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Case Studies

Pumped-storage Plant Operation
a I

» Resulting price levels during observed period:

During work-day peak hours the During work-day night hours and
electricity prices are high. during the weekend the electricity

/\ prices are lower.

Pumped-storage
plant is taking
advantage of such
periodic price
fluctuations.

=
=
A
~
=
7,
©
c
5
o

A
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Case Studies

Pumped-storage Plant Operation

« Simulation results (1 week period):

During work-day night hours and
during the weekend the energy is
consumed for pumping water into

upper reservoir.

During work-day peak hours the
energy is produced and sold to the

market.
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VBPC Summer School 2006, Fojnica, BiH
-

~

Faculty of: Elecirical Engineering
University oi: Belgrade

IMPACT OF RES ONIPOWER
SYSTEM OPERATION

Profi. "dr NikolarRajakovic
- /

_ Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Introaduciion

~
q)istributed generation (DG):

»>Optimal planning of: locations) and opitimall sizing
»Optimal operation, coniiol, and maintenance

Relevant technicall iIssues:

>Quality of (electricity) supply
> Active control of distribution networks with DG
»>Short circuit level limitation

. S

%! Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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N
:

Operaftional  fopics i a/sirio
nefworks with DGs

~

Load flow: and' optimaltload filow
State estimation

Network reconfiguration

Network restoration

Reactive power andivoltage: coniirol
Unit, commitment,

Load profiles, loadl prediction
Economical operaiiion

VVVVYVYVVYV

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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2 Load flow and opiinaltload iio

applications I ReETWorsstwiilti on\\

> New and modifiedl algorithims and methods; fior
accurate andl fias power flow: and opilimal power
flow analyses| are needed:

> The objective of: OPF applicationscan be
minimization of cosis or maximization of: profiiy.

> It is important; tol determine priority objeciives)
which should' berachieved by adjusfing 0
different' power system conirolwariables, while
satisfying all’ physical and operating consirainis:

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Overview. of metriods, forload. 116

?a/cu/a f1ons. In disiribUlion ne fwar/N

> Iterative method for power filow: calculationsin
radial networks! (backward and forward
calculations)

> Compensation method for networks with small
number: ofi loops

> Modified Newton=-Raphsonimeihod

> Fuzzy methods

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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OPFE problenifovimulation
a I

General form, of: an opiimizarion, probiem sk 1o
minimize, fhel objective unciiony

(%)

subject fo. the equalify, consiraniis:
gx)=0 i=12...,/

and' subjject: to) frhe inequalify cornsiranis:
hx)z 0 j=/*1_.. m

where x' = [y uj s\ a vecior oj: sysien variavles,
which consists) of: deperidefiis variables: (Siaie
variables) vecior: y/) and. oji ideperndelii: variables
(conitrol variables) vecior u:

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Conventional nonlinear O metiiods—"
e I

>  Kuhn-Tucker's: techhigue of- opiinizalion)

>  Technigues: of: opiimizaiion Wil pernally 1uniciions;
>  Gradient methiods,

> Newton's type meifiod,

> Lagrange, multipliers meinods; ...

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Possible objectives.
a I

- minimization of: the active & redciive power Iosses,

- optimization of fhe, volfage profiles;

- minimization of: 1the generation fuel cosis,

- minimization of: the Sysiem) energy, cosss;

- maximization of: ffie profir;

- maximization, of- ffie. sysiemiperiormarice,

- opffimization of: The power: excliarige Wil o1Her: SysieHis,

- maximization, of: el voltage, & flow: securify indices,

- control generator's: MW & MVARE SETTings  Withinil THe
specified limits,

- conirol volfage regulafors (Iralsiormer iap) posiiions) eic:

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Lagrange mulliplerssmefiod.

/N

- I

> The Jidea Js. fo expanid 1He  objeciive funciion
with. Two. additional fernmiss

>

> L(Z) = fix) # 1.7 gx)l 4, hx) (5.1)

> where: z =[x A, 1, ] = expanded
vector of variables

> A, = Lagranger mullipliers: vectors for
the equality type consiraniis

> A — Lagranges muliipliers: vecior: for
the. inequality, Type, consirainis

. ,/

xth Framework Programme, Sixth Framework Programme, DG Research, International

Si
Coopera
Contract: INCO-CT-2004-5092056
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N is the number of' nodes within the aclual distribution
network
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ILLUSTRATIVE EXAMPLE

GBI (RRRC L2 LLE L G ERER A LION L ANVAEEELLL A CORVELLLIC)N]/
~NETWORK

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
I\

ohtra O-CT-2004-50020
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Dayly load profiles for the EPS sysfem

33 MW
r 8 000

P

P 7000

o 6 000

s 1 23 45 6 7 8 910 1112 13 14 15 16 17 18 19 20 21 22 23 24
r: Yacosu
Illustrative examples: for 2004

Day withitherpeakiload \(1s:27)
- a\ And day withisheimihimaltload (816r) /

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Load (Stafe) estimaiion problemig

networks: with D65
- ™

> Load (state) estimation’is improved in nefworks
with: DGs due tol meastredi voltagestint PVinodes

> The higher number’ off smalligeneratorsi ihe
better opservability’condifions

> Number of measuremeniti (billing)Fpointsiis
increased

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Neitwork: reconfiguraiion

) disiribution neiworks wiin DGs -

> With DGs| basic reconfiguration objectivesiare
changed

> Reformulation| of losses minimization problem

> Fider load balancing shouldNinclude: unii:
commitiment,

> Optimization of voltage profilesiwithir DEs s
different

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Network resforation i a/siribuiion

networks with D65,
- ™

> Network restorations! procedures afier
emergencies| (faults, lossiof load) ")

> Alternative ways' of voltiagerrestoration: are
different: then! in passiverneiworks

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Reactive, power: and Vollage

conirol in networks; wiin DGs.
- ™

> Reactive flows: are dif-ferent in networks with DGs

> Voltage controlable busiinithe point*of DG
connection

> Recalculation of reactiverloadf profiles

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Unit commifiment: in. aisiribuiion
neitworks. witih D6s.

s  Unit commitment should account for technical Ty
constraints of: DGs

> Coordination with transmission’ system operafion
> Short term load forecasting

> The objective:is 1o minimize the total production
costs over' the operationall planning period

> Consftraints: availability off renewable’ primary
ener'g¥, load! demand| requirements, technical
limitations (minimum: up: and down; limes, ramp rates,
transmission line capacity limis), Spinning reserve

 limits,..) A

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Load profiles; and impaci; o/l Operaiion

) of networks wiith DGs \\

> Monitoringl ofi loadl profiles

> Objective ofi efifiectiveroperaiion

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Economical operationin

neitworks wiitn D6s.
e I

> Optimal economicioperaiion firom fhe
point off view off:

- Owner of' DGs

- Owner of distributiont network
-  Owner of the wholelsysiem

- Combinations

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Superposiiion colceps:
a I

Distributed
Generation

Substation

Distributed
Generation

RTU

Switch

Substation —D—D—

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Reduction of /oads,

/Reduc’rion of node loadsiintaccoraance with A

the small generaiior pewer

Losses are negleciediand leaas are
independent oif Volagemaghintdes

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Sysitem, performance i

neitworks wiin DGs.
e I

Active power! losses

Reactive power losses

Injected reactive: power

Criticall voltiage’ drop

The squared sum of voltage deviations

Critical feeder currenisreserve

Critical curreni; reserve; of: supply’ liransformer

VV VV V V Y

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Sysitem performance, - aciive

power losses

-

VVVYVY V V

N

~

Active power losses| are’ the sum oift lossesfin passivernetwork
and the losses in the networkiwiiihisinglerDG

The lower values ofi the IEP indextindicate beiter sysiem
performance

h option for! DG location

NF  Number of feedersiin DN

NFS;: number of sections) for the feeder i

Z impedance of thelsectiont j forihe feeder

<
L/ current: of section) jifor feeder vin' configuration 4

A

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Sysitem, performance,

reactive powerosses
a I
> Reactive power: lossesiare e sum of*losses in
passive network and thierlossesiin; ine network
with single DG

> The lower values) of e LLP index indicate
better system performance

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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System, performarnce,

injected reaciive power
a I
> Relative value of therinjectedireactiver power

> The higher valuesofi therinjecied power indicate
better system performance

NG number of’ DGs (here NG=1)
Q... max K Max. Injected reactive power for gen. K
Qﬁgen . actual injected reactive power’ for gen K

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Sysitem performarncer—crifical
volfage, arop

The lower’ values: of* the voliiagerdroprindicate
better system: performance

‘. I

V." bus voltages in bothi superposition’ cases, for the'option h
V." the node k voltage for the feeder in the option:hf NE;
the number of TS MV/LV: which! are supplied: by fihe feeder i

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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System, performarce,— squared.

sum. of- vollage deyiaiions;
- I

> The lower values}of thersqured sumindicate
better system: performance

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Sysitem performarncer—crifical

feeder current reserve
a '

> The lower valuesi of the 1IJ index indicate betlter
system performance

I ™ pated current of: the section i for the
feeder j

L;" actuall current: ofi the section il for the

feeder in the configuration h.

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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¢

System performance, — criiical. curre
reserve of. 1rie supply. fransfarmer\

-

> The lower values of the index IS indicate better
system performance

I.." rated current off fihe transformer i
I.." actual current: ofi the transformer ilin the optionh

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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D& network: conrection s iechrical da N—

about distribution neiwork (DIN)

~

MV and LV distribution: neiworks with radial
configuration; are considered

> grounding type at: dififereni?voliage levels;

> maximal allowed three-phase shiorii circuil currents
(powers),

> standardized value of fihe Single phiase=to=earih
fault current is 300/ A (or 1000 A)) ...

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056
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Technical dala aboul: D6s.

a I
> installed power between: 25FkVA" and’ 16000 KV A

> AC synchronous generaiors,
> AC asynchronous; generators,

> DC generators wilihl therstatic fransftorming devices
(invertors DC/AC 50 Hz),

> asynchronous’ generators with tihe frequency.
transforming devices (invertors AC/AC 50 FHZ)

> maximum allowed voliiage  deviation' ai*fhe
connection point 1o fhe distribution network

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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Technical requiremenis 1or e
connection, of: e DEs forire. DN,
i N

> equipment for parallelfoperation wiih hne
distribution network

> equipment fior combinedfoperation, parallel or
isolated type ofi operation

> The small power' stafion; should safisty four
primary criteria:
1. upper limit off theinsialled! power,
2. limits ini regards; to) flickers,
3. limi¥si to) levelsiof higher curreniharmonics,
4 4. limits tor short! circuil: powers .

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H



UTRTURL. BRl kKA POWER CENTRE m

Technical reguiremenis 1or e

connection of 1he: D&s
- E

Each connection of the DGs) consists of:

> connection line

> switiching, measurement;, proieciion andf ofher
devices! aii the poini of tfierconneciion: of iliersmall
power station

> switiching, measurement;, proieciion andf ofher
devices! ali the point of thierconneciion: toriine
distribution network

> equipment’' and devices; for ine measuremeni: poini:

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H




UTRTURL. BRl kKA POWER CENTRE m

Technical requiremenis or

) fhe measurement Jocalion -

> Locatfiion| of' the measuremenitequipment;

Each measurement: point: should berequippediwiiiht the
following devices:

> digital active eleciric energy meier
> digitall reactive eleciricienergy meier
> controll device off 1he measuremeni; group

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H




UTRTURL. BRl kKA POWER CENTRE

Profeciion requiremeris;
a I

Two types of protection should ber fakentinio
consideration:

» system protection
> protection ofi fihe conneclioniline

> Voltage protections (U and Ux)
> Frequency protections) (> and <))
> Over-current; protectionsi(L:>> and L>)

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation

Contract: TNCO-CT-2004-509205H
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: Reactive: energy coniro)

In. The. small power:siaiion
i« \

coso 2 0,95

> individual, group’ or’ centralireactive energy
compensationyinsiallations

> automatic contirol off fiher power faclor is

needed when, fihe small-power: siation has
very variable poweroutpui (wind

L generaiors; ) Y

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056




UTRTURL. BRl kKA POWER CENTRE m

Operaiiol
a ™

The first and the mosiimporianis owner:s
obligation is’ to! mainfain he secure and
reliable operation off fihernetworki(minimize
the propagation! of* disturbances) from: the
small power’ station 1o e neiwork)

. S

Sixth Framework Programme, Sixth Framework Programme, DG Research, International
Cooperation
Contract: TNCO-CT-2004-509205H
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connection SchHemes: o 11e
DéGs: to) the DIN

-

[ Output cell for small !
power station

1

fFig: 1

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International

Cooperation
Contract: INCO-CT-2004-5092056




TS 110/X kV

1 ]
TS 10(20)/0.4 kV or
| 00y TS35/10kV !

| Output cell for the small i
power station | ‘

(D
1k
I
tput cell for the E

Oul
\ﬂall power station

31 230400V

H\ The small power station
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Thank Youl for Your
attention
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1YDRO BACKGROUND

1 _—

However, there are also many regions of
h"the world that have a significant number of
smaII hycim power plants In operation,

for nple. mef&ithan, 19,000 MW
rodu 'd fr@m 43 OOO smaII g

-F'“_




SMALL HYDRO BACKGROUND

Small Hydro Project Analysis

“small hydro” which, depending on local definitions can
range in size from a few kilowatts to 50 megawatts

or more of rated power output.

Internationally, “small” hydro power plant capacities typicall
range in size from 1 MW to 50 MW, with projects in the
100 kW to 1 MW range sometimes referred to as “mini”
hydro and projects under 100 kW referred to

as “micro” hydro.




SMALL HYDRO BACKGROUND

g g— e
Jroject Analysis

Smal = vdio

e

Installed capacity, however, is not always a good
| indicator of the size of a project.

For example, a 20 MW, low-head “small” hydro
' plant is anything but small as low-head projects

-~ generally use much larger volumes of water,
and require larger turbines as compared with
high-head projects.
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A small hydro -
unde

civil works, and

electrical and - mechanical equipment.
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Description of SmH;fdro Power Plants e

COMPONENTS OF A HYDRO SYSTEM

Dam —.

Powerline —
(yenerator

Turbine —/
Draft Tube —
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Description of Small Hydro Power Plants

- Civil works

er stor
ALEerPOWE

asonry, or |
a combination of these mater

Considerable effort continues to be spent to
cost of dams and weirs for small hydro proje
ost of this item alone frequently renders a p

1Al | | €] f\/ | I ) = ;




COMPONENTS OF A HYDRO SYSTEML

Powerline — .
Generator —

Turbine —
Draft Tube —




COMPONENTS OF A HYDRO SYSTEM

Dam —,

Ire underground and excavated
by drilling and blasting.
Penstocks, which convey water under pressure, can be
made of steel, iron, fibreglass, plastics, concrete or wood.
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COMPONENTS OF A HYDRO SYSTEM

Dam —.

Powerhouse

Powerline — -
Generator —

Turbine -
Draft Tube —d




The powerhouse

The powerhouse contains the turbine
or turbines and most of the
mechanical and electrical equipment.

s v
Hiiy
N, -
4,.':-_::__ "
i

Small hydro powerhouses are generally

minimum size possible while still providing adequate
foundation strength, access for maintenance, and safety.

Construction is of concrete and other local building
materials.

Simplicity in design, with an emphasis on practical, easily
constructed civil structures is of prime concern for a small
hydro project in order to keep costs at a minimum.




Electrical and mechanical
equipment

The primary electrical and mechanical
components of a small hydro plant are the %
turbine(s) and generator(s).

Francis turbine

Turbines

A number of different types of turbines have been
designed to cover the broad range of hydropower
site conditions found around the world.

Turbines used for small hydro applications

are scaled-down versions of turbines used in
conventional large hydro developments.




Turbines

Turbines used for low to medium head applicati
usually of the reaction type:

Francis,

and fixed and variable pitch (Kaplan) propeller turbines.
The runner or turbine “wheel” of a reaction turbine is
completely submersed in water.

Turbines used for high-head applications are generally
referred to as impulse turbines. Impulse turbines:
Pelton, — 7 T
Turgo, and

crossflow designs.

The runner of an impulse turbine spins in the air and is

driven by a high-speed jet of water.




Turbines

Small hydro turbines can attain efficiencies of
about 90%.

Care must be given to selecting the

preferred turbine design for each application as
some turbines only operate efficiently over a
limited flow range

(e.g. propeller turbines with fixed blades and
Francis turbines).




Turbines

For most run-of-river small hydro sites where flows vary
considerably, turbines that operate efficiently

over a wide flow range are usually preferred (e.g. Kaplan,
Pelton, Turgo and crossflow designs).

Alternatively, multiple turbines that operate within limited
flow ranges can be used.




Generators

There are two basic types of generators used in small
hydro plants:

»synchronous, and

»induction (asynchronous).

A synchronous generator can be operated in isolation
while

an induction generator must normally be operated In
conjunction with other generators.

Synchronous generators are used as the primary source
of power produced by utilities and

for isolated diesel-grid and stand-alone small hydro
applications.




Generators

Induction generators with capacities less than about 500
KW are generally best suited for small hydro plants

providing energy to a large existing electricity grid.




Other mechanical and electrical components of a
small hydro plant include:

»Speed increaser to match the ideal rotational speed of
the turbine to that of the generator (if required);

»Water shut-off valve(s) for the turbine(s);

» River by-pass gate and controls (if required);

»Hydraulic control system for the turbine(s) and valve(s);

» Electrical protection and control system;
» Electrical switchgear;

» Transformers for station service and power
transmission;




Other mechanical and electrical components of a
small hydro plant include:

» Station service including lighting and heating and power
to run control systems and switchgear;

»Water cooling and lubricating system (if required);
» Ventilation system;
»Backup power supply;

» Telecommunication system;

»Fire and security alarm systems (if required); and

» Utility interconnection or transmission and distribution
system.




i

all Hyd

e s

ro Project Development




The development of small hydro projects typically takes
from 2 to 5 years to complete, from conception to final
commissioning.

This time is required to undertake studies and design
work, to receive the necessary approvals and to construct
the project.

Once constructed, small hydro plants require little
maintenance over their useful life, which can be well over
90 years.

Normally, one part-time operator can easily handle
operation and routine maintenance of a small hydro plant.

Periodic maintenance of the larger components of a plant
usually requiring help from outside contractors.




The technical and financial viability of SHPP

The technical and financial viability of each potential
small hydro project are very site specific.

Power output depends on the available water (flow) and
head (drop in elevation).

The amount of energy that can be generated depends on
the quantity of water available and the variability of flow
throughout the year.

The economics of a site depends on the power (capacity)
and the energy that a project can produce, whether or
not the energy can be sold, and the price paid for the
energy.




The technical and financial viability of SHPP

In an isolated area (off-grid and isolated-grid applications)
the value of energy generated for consumption is
generally significantly more than for systems that are
connected to a central-grid.

However, isolated areas may not be able to use all the
available energy from the small hydro plant and, may be
unable to use the energy when it is available because of
seasonal variations in water flow and energy
consumption.




The technical and financial viability of SHPP

A conservative, “rule-of-thumb” relationship is that power for
a hydro project is equal to seven times the product of the
flow (Q) and gross head (H) at the site (P = 7QH).

Producing 1 kW of power at a site with 100 m of head will
require one-tenth the flow of water that a site with 10 m of
head would require.

The hydro turbine size depends primarily on the flow of
water it has to accommodate. Thus, the generating
equipment for higher-head, lower-flow installations is
generally less expensive than for lower-head, higher-flow
plants.




The technical and financial viability of SHPP

The same cannot necessarily be said for the civil works
components of a project which are related much more to

the local topography and physical nature of a site.




Types of small hydro developments

Small hydro projects can generally be
categorised as:

1."run-of-river developments”, and/or

2. "water storage (reservoir) developments”.




Run-of-river developments

Run-of-River Small Hydro Project in a Remote Community.




“Run-of-river” SHPP




“Run-of-rivet” SHPP







Water storage (reservoir) developments

For a hydroelectric plant to provide power on demand,
either to meet a fluctuating load or to provide peak
power, water must be stored in one or more reservoirs.

Unless a natural lake can be tapped, providing storage

usually requires the construction of a dam or dams and
the creation of new lakes.

This impacts the local environment in both negative and
positive ways, although the scale of development often
magnifies the negative impacts.




Water storage (reservoir) developments

This often presents a conflict, as larger hydro projects
are attractive because they can provide “stored”
power during peak demand periods.

Due to the economies of scale and the complex
approval process, storage schemes tend to be
relatively large in size.




Water storage (reservoir) developments

The creation of new storage reservoirs for small hydro
plants is generally not financially viable except,

possibly, at isolated locations where the value of
energy is very high.

Storage at a small hydro plant, if any, is generally

limited to small volumes of water in a new head
pond or existing lake upstream of an existing dam.

Pondage is the term used to describe small volumes
of water storage. Pondage can provide benefits to

small hydro plants in the form of increased energy
production and/or increased revenue.




Water storage (reservoir) developments

Another type of water storage development is
‘pumped storage” where water is “recycled”
between downstream and upstream storage
reservoirs.

Water is passed through turbines to generate power
during peak periods and pumped back to the upper
reservoir during off-peak periods.

The economics of pumped storage projects depends
on the difference between the values of peak and
off-peak power.




Water storage (reservoir) developments

Due to the inefficiencies involved in pumping versus
generating, the recycling of water results in a net
consumption of energy.

Energy used to pump water has to be generated by
other sources.




The environmental impacts of SHPP

The environmental impacts that can be associated with
small hydro developments can vary significantly
depending on the location and configuration of the
project.

The effects on the environment of developing a run-of-river
small hydro plant at an existing dam are generally minor
and similar to those related to the expansion of an
existing facility.

Development of a run-of-river small hydro plant at an
undeveloped site can pose additional environmental
Impacts. A small dam or diversion weir is usually
required.

The most economical development scheme might involve
flooding some rapids upstream of the new small dam or




The environmental impacts of SHPP

The environmental impacts that can be associated with
hydroelectric developments that incorporate water
storage (typically larger in size) are mainly related to
the creation of a water storage reservoir.

The creation of a reservoir involves the construction of a
relatively large dam, or the use of an existing lake to
Impound water.

The creation of a new reservoir with a dam involves the
flooding of land upstream of the dam.




The environmental impacts of SHPP

The use of water stored in the reservoir behind a dam
or in a lake results in the fluctuation of water levels
and flows in the river downstream.

In that case, a rigorous environmental assessment is
typically required for any project involving water
storage.
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This first phase of work'ire

numerous sites and includes:

- map studies; e
delineation of the drainage basins;
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Investigation programme:
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Work would continue
Investigation program

> production of a detailed cost estimate;

and finally,

2




.j .: e ‘ l

i ok would inall

»studies and final design o

» Integration of the transmission system;

e e

»Integration of the pro;ect |nto the power network. to

--_- ﬂ_ﬂw-qr‘i"'

determlne prec;lse operatl ig mode;




»analysis of bids and detailed'c

»production of detailed construction drawmgs and revie
manufacturer’s equment_d,tamag& e A




SMALL HYDRO POWER PLANT
PROJECT MODEL

Small Hydro Project Model should provide a means to
assess:

*» the available energy at a potential small hydro site that
could be provided to a central-grid or, for isolated loads, and

¢ the portion of this available energy that could be
harnessed by a local electric utility (or used by the load in an
off-grid system).

The model should address both run-of-river and reservoir
developments, and to incorporate sophisticated formulae for
calculating efficiencies of a wide variety of hydro turbines.




SHPP PROJECT MODEL

The SHPP Project Model has been developed primarily to
determine whether work on the small hydro project should
proceed further or be dropped in favour of other
alternatives.

Each hydro site is unique, since about 75% of the
development cost is determined by the location and site
conditions.

Only about 25% of the cost is relatively fixed, being the
cost of manufacturing the electromechanical equipment.




SHPP PROJECT MODEL

Six worksheets should be provided in the SHPP Project
Model:

v (Energy Model, Hydrology Analysis and Load
Calculation (Hydrology & Load),

v Equipment Data,

v Cost Analysis,

v Greenhouse Gas Emission Reduction Analysis (GHG
Analysis),

v Financial Summary, and

v'Sensitivity and Risk Analysis (Sensitivity)).




SHPP PROJECT MODEL

The Energy Model, Hydrology & Load and Equipment
Data worksheets are completed first.

The Cost Analysis worksheet should then be completed,
followed by the Financial Summary worksheet.

The GHG Analysis and Sensitivity worksheets are
optional analysis.

The GHG Analysis worksheet is provided to help the user
estimate the greenhouse gas (GHG) mitigation potential
of the proposed project.

The Sensitivity worksheet is provided to help the user estimate the
sensitivity of important financial indicators in relation to key technical

and financial parameters.




SHPP PROJECT MODEL

In general, the user can work from top-down for each of
the calculation phase.

This process can be repeated several times in order to
help optimise the design of the SHPP project from an

energy use and cost standpoint.




Algorithm to calculate, on an annual
basis, the energy production of SHPP

A flowchart of the algorithm:




Flow-duration
curve
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Calculation of turbine
efficiency curve
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Calculation of plant
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|
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Calculation of renewable
energy delivered (central-

grid)

Load-duration
curve
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Calculation of
renewable energy
delivered (for
Isolated-grid sites)
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Load demand can be ::.

The load-duration curve can be Spe
twenty-one values Ly Ls L4, ---, defining the load on the
load-duration curve in 5% increments. - ’
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The calculation involves comparing the daily renewable

energy available to the daily load-duration curve for each of

the flow-duration curve values.
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SHPP Project Model > =

Energy Production

Turbine efficiency curve

FRANCIS, KAPLAN AND PROPELLOR TURBINES (REACTION TURBINES):

ITEM FORMULA
Reaction turbine d = FrQﬂfﬂ'm
runner size
(d) where: @ = runner throat diameter in m
F = 046ford=18
= (04lford=18
O, = design flow (flow at rated head and full gate opening in m¥s)
Specific speed n, = T3
(n,)
where: n, = specific speed based on tlow
k= 800 for propeller and Kaplan turbines
= 600 for Francis turbines
h = rated head on turbine in m
(gross head less maximum hydraulic losses)




Energy Production
Turbine efticie

FRANCIS TURBINES:
ITEM FORMULA
Specific speed
adjustment to peak " B :
efficiency “ng = {( g 56) / 256}
(henq]
o
K Runner size
adjustment to peak AL A B 0.2
offciency e, =(0.081+"%¢, )(1-0.7894~*)
(“e,)
furbine peak e, =(0919-"¢ +"¢,)—0.0305+0.005 R,
efficiency r ' ng d ST T
(e p] where: R~ =  turbine manufacture/design coefficient
(2.8 to 6.1; default = 4.5). Refer to online manual.
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Energy Production [
Turbine efficiency curve - Fiancis turbines T —_
™
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SHPP Project Model ” .

Peak efficiency flow

(O.) 0, =0.65 O, ngn'ﬂj
Efficiencies at flows T (Q Q) (3.94-0.0105x,) | |
below peak R
efficiency flow e, =11—[1.25 [ ©p
(e,) 9,

Drop in efficiency
at full load ““ep =0.0072 n{fﬂ

(“e,)

Efficiency at full load .
(e) E'f_(]_heﬁ)eﬂ

r

Efficiencies at flows

2
above peak e e O0—0Q, (e' e ]
efficiency flow a P 0,—0, p r

(e,)
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Energy Production
Turbine efficiency curve

KAPLAN AND PROPELLOR TURBINES:

ITEM FORMULA
Specific speed
adjustment to peak " 2
efficiency “ng = {(”G _1?0) / ?00}
("€,,)
Runner size
adjustment to peak L i 02
efficiency re, =(0.095+%,, ) (1-0.7894%)
(“e,)
Moo e, =(0.905—"¢, +"e,)—0.0305+0.005 R,
(e F] where: R =  Turbine manufacture/design coefhcient
(2.8 to 6.1; default 4.5). Refer to online manual.
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‘ Energy Production
Turbine efficiency curve

KAPLAN TURBINES:

[TEM FORMULA
Peak efficiency flow
(Qp) Qp _075 Qj
Efficiency at flows ’( \6]
above and below peak _ QD‘Q
" e =[1-3.5 e
efficiency flow / 0 !
e, R
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‘ Energy Production
Turbine efficiency curve

PROPELLOR TURBINES:

ITEM FORMULA
Peak efficiency flow
0 :Q.:;r
0, :
Efficiencies at flows i (Q Q\\m"
below peck e =|1-125| = 0
efficiency flow / 0 P
e ) ' SR
g
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Energy Production
Turbine efficiency curve

PELTON TURBINES:

ITEM FORMULA
Rotational speed 05
(1) n=311|n g‘f"
J
where: ;= Number of jets (user-selected value from 1 to 6)
Outside diameter 49 4 hcr-sjo.m
of runner d=—
(d) L
Turbine peak oos
efficiency e, =0.864 d~
(e,)

Peak efficiency flow




SHPP Project Model

Efficiency at flows
above and below
peak efficiency flow

(e)

gq

€

Energy Production

(1.31+0.025 )

Turbine etficiency curve — Pelton turbines

0,0

(5.6+04/)

€
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Energy Production
Turbine efficiency curve

TURGO TURBINES:
ITEM FORMULA

Efficiency

(e ) Pelton efficiency minus 0.03
if

86
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Energy Production
Turbine efficiency curve

CROSS-FLOW TURBINES:

ITEM FORMULA
Peak efficiency flow B
(Qu} Qp - Q.::?
Efficiency _ oY
(eq] Ea’ﬁ,0.7’90.15{9"'r 9]1.37{9“’ Q]
P b

87



SHPP Project Model
Energy Production

Turbine efficiency curve

The turbine efficiency equations and the number of
turbines are used to calculate plant turbine efficiency from
0% to 100% of design flow (maximum plant flow) at 5%
intervals.

An example turbine efficiency curve is shown in next figure
for 1 and 2 turbines.

88
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Energy Production
Turbine efficiency curve

Efficiency (-)
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SHPPProjeet Model

Energy Production
Power available as a function of flow

Actual power P available from the small hydro plant at
any given flow value Q is given by the following
equation, in which the flow-dependent hydraulic
losses and tailrace reduction are taken into account:

P=pg0O [HE _(hﬁr_ufr +h )] e, e (1-7 ) (1—!7“,.&.)

where:

p is the density of water (1,000 kg/m3),

g the acceleration of gravity (9.81 m/s2),

H, the gross head,

hy,qor and hy,; are respectively the hydraulic losses and
tailrace effect associated with the flow;
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SHPP Project Model

Energy Production

Power available as a function of flow

P=pg0O [HE _(hsum- +h, )] e,

e, - the turbine efficiency at flow Q,
e, - the generator efficiency,
l...s - the transformer losses, and

rans

l,ara - the electricity losses.

e
E

(1 - ;.'i"ﬁ'i‘?E ) (1_ f‘.ti'ﬁ':".:.' )

*
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SHPP Project Model

Energy Production
Power available as a function of flow

Hydraulic losses are adjusted over the range of
available flows based on the following relationship:

O

hy o =H. [
| Q):fm_

g "hvdr max
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SHPP Project Model

Energy Production
Power available as a function of flow

Inyar max 18 the maximum hydraulic losses specified
by the user, and Q. the design flow.

Similarly the maximum tailrace effect is adjusted
over the range of available flows with the following
relationship:

- (Q—0u) |
(Qm:u' - Qﬂfm )

tail ,max
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SHPP Project Model
Energy Production

Power available as a function of flow

( Q o Qﬁm )2
(N}

where h,,; .., IS the maximum tailwater effect, i.e. the
maximum reduction in available gross head that will occur
during times of high flows in the river.

h

tail " “tail ,max

Qmax is the maximum river flow.

This equation is applied only to river flows that are greater
than the plant design flow (i.e. when Q > Q. ).
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SHPP Project Model
Energy Production

Plant capacity
when Q < Qdes

Plant capacity P, is calculated at the design flow Q.

P,.=pgQ,H g (1_"’ i;;ﬁ) € des €g (] _J."rmz.t) (1 — ,rmm)

where P, is the plant capacity and e, 4, the turbine
efficiency at design flow.
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SHPP Project Model
Energy Production

Power-duration curve

Calculation of power available as a function of flow using
equation (*) for all 21 values of the available flow Q," Q:', ...,
Q.00 » Used to define the flow duration curve,

leads to 21 values of available power P, P, ,..., P,y , defining a
power-duration curve.

An example power-duration curve is shown in next Figure,
with the design flow equal to 3 m3/s.
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Encrgy Production- Power-duration curve

25 5,000
O Available flow + 4,500
—t— Flow used
20 —+— Available power 4,000
T 3,500
———————
— 15 3,000
2
E’ T 2,500
3
“ 10 2,000
- 1,500
5 1,000
i - L7 -’ -
500
D I L I ﬂ

Percent of time flow equalled or exceeded (%)

Power (KW)



SHPP Project Model
Energy Production

Renewable energy available

Renewable energy available is determined by calculating the
area under the power curve assuming a straight-line
between adjacent calculated power output values.

Given that the flow-duration curve represents an annual

cycle, each 5% interval on the curve is equivalent to 5% of
8,760 hours (number of hours per year).
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SHPP Project Model
Energy Production

Renewable energy available

The annual available energy E_ _; (in KWh/yr) is
therefore calculated from the values P (in kW) by:

20 (P +P. ) 5
E = D R = 8760 (1—1
cveril ; 2 l[—][—] ( dr)

where | is the annual downtime losses as specified by
the user.

In the case where the design flow falls between two 5%
increments on the flow-duration curve (as in above Figure)
the interval is split in two and a linear interpolation is used
on each side of the design flow.
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SHPP Project Model

Energy Production- Renewable energy available

The fore equation defines the amount of renewable
energy available.

The amount actually delivered depends on the type of
grid.
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SHPP Project Model
Energy Production

Renewable energy delivered - central-grid

For central-grid applications, it is assumed that the grid is
able to absorb all the energy
produced by the small hydro power plant.

Therefore, all the renewable energy available will
be delivered to the central-grid and the renewable energy
delivered, E , Is simply:

E

avail

E,

hd
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SHPP Project Model
Energy Production

Renewable energy delivered - isolated-grid and off-grid

For isolated-grid and off-grid applications the procedure is
slightly more complicated because the energy delivered is
actually limited by the needs of the local grid or the load, as
specified by the load-duration curve.

The following procedure is used: for each 5% increment on
the flow-duration curve, the corresponding available plant
power output (assumed to be constant over a day) is
compared to the load-duration curve (assumed to represent
the daily load demand).
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SHPP Project Model
Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid

The portion of energy that can be delivered by the small
hydro plant is determined as the area that is under both the
load-duration curve and the horizontal line representing the
available plant power output.

Twenty-one values of the daily energy delivered G, G; ,

,..., G1go coOrresponding to available power Py, P, ,..., P 140 ,
are calculated.

For each value of available power P, , daily energy delivered
G, is given by:

P’ + P’

5
(—T .o k— I} Mok 24 **
z‘( 100
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SHPP Project Model
Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid

where P/, is the lesser of load L, and available power P, :

P, =min(P,.L,)
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SHPP Project Model

Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid

EXAMPLE

The procedure is illustrated by an example:

We use the load-duration curve and values from the
power-duration curve from before given Figures.

The goal is to determine the daily renewable energy G
delivered for a flow that is exceeded 75% of the time.
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SHPP Project Model
Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid -

25 5,000
=—0=— Ayailable flow T 4,500
—&— Flow used
20 *+— Available power 4,000
\ ‘‘‘‘‘‘‘ 1 3,500
L ———————+—
_15 SEAN N 3,000 ~
B 2
£ + 2,500 %
3 3
“ 10 2,000
\ \ L 1500
5 1,000
' —— - \' 500
[+
0 . : . . : . . : . 0
0 10 20 30 40 50 60 70 80 90 100

Percent of time flow equalled or exceeded (%)

Power-Duration Curve

Firstly, we should determine the corresponding power level:

P-:=2,6 kW o



SHPPProteet Model

RS AWAS § WS §

Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid -
EXAMPLE

Load (KW)

5,000
Daily renewable energy delivered

== |Load

4,500

4,000 -
3,500 -
3,000 - /|PT5 — 2,630 kW I

2,500 -
2,000 -
1,500 ‘ Daily renewable energy delivered G5 I
1,000 -
500
0 10 20 30 40 50 60 70 80 a0 100

Percent time load equalled or exceeded (%)



SHPP Project Model

Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid -

EXAMPLE

Then we draw the horizontal line on the load-duration curve,
as shown in Figure. The area that is both under the load-
duration curve and the horizontal line is the renewable
energy delivered per day for the plant capacity that
corresponds to flow Q75 ;

Load (kW)

5,000

4,500

4,000 A

3,500 A

3,000 A

2,500 A

2,000 A

1.500 A

1.000 A

500 A

0

Daily renewable energy delivered ‘

=&= Load

Integration with formula
/@ *%* gives the result:

Daily renewable energy delivere:w\s\l G

= 56.6 MWh/d

Ln

0

10

20

30 40 50 60 70 80 a0 100 108

Percent time load equalled or exceeded (%)



SHPP Project Model

Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid -

EXAMPLE
The procedure is repeated for all values P, P ,..., P,,, to obtain twenty
one values of the daily renewable energy delivered G, G; ,..., Gy, , as a

function of percent time the flow is exceeded as shown in down Figure.

The annual renewable energy delivered E 4 is obtained simply by
calculating the area under the curve of Figure, again with a trapezoidal

rule:

80,000

Daily renewable energy delivered (kWh/d)

0

70,000 -

L
60,000
50,000 A
40,000
30,000 -
20,000

10,000 |

Annual renewable energy delivered

—#— Daily renewable energy delivered

‘ Annual renewable energy delivered I

0

10

20 30 40 50 60 70 80 90
Percent time flow equalled or exceeded (%)

100




SHPP Project Model
Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid —- EXAMPLE
of Calculation of Annual Renewable Eneroy Delivered

80,000

Annual renewable energy delivered
70,000

—#— Daily renewable energy delivered

y—r— *» —r— * » * * *
60,000 -

50,000
40,000
30,000 -

‘ Annual renewable energy delivered
20,000 #

10,000

Daily renewable energy delivered (kWh/d)

ﬂ T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Percent time flow equalled or exceeded (%)




SHPP Project Model

Energy Production- Renewable energy available

Renewable energy delivered - isolated-grid and off-grid —- EXAMPLE

20 (G
an ~1) + G 5

E, = 2365 (1-1,
dived ; 2 100 ( d]

where, as before, /, is the annual downtime losses as
specified by the user.
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DROVWROIECT MODEL.

FExa & 11

Project name: ~ v

XYZ Hydro Project 1V
Project location: | \/\., |
Approximately 40 km South of:Fojhicas e N i,

;'m a1
gl

on the confluence of T and E River.
Project features: © = N T &

600 m rock tunnel tapp?i;gg into Lake, 50 m of 1.5 m 'dfageter steel
penstock, single horizontal Francis turbihe, horizontal synchronous
generator, 1,500 m of submarine poweg'cable, s ___lgs"fétion and
connection to distribution network at 35 jatic operation and
remote monitoring. |
Date commissioned:
December 2007
Turbine manufacture
GEC Alsthom (runner




1

CT MOB

,

1,100 mm

Number of blade
13 >
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Efficiency data frc
- manufacturer (see

Flow (m?/s) Efficiency
.35 0.93
7.00 0.93
6.65 0.93
6.30 0.92
5.95 0.91
5.60 0.90
5.25 0.90
4,90 0.88
4,55 0.87
4,20 085
3.85 0.84
3.50 0.82
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Applicable Gross Annual Av. Net Annual Av. Maximum Power | Rated Capacity | Minimum Operational
Turbines Output MWh Output MWh Output kKW kW Flow m?/s
= RETScreen
Francis 3002 810.0 n
- Crossflow 2036 745.0
Turgo 3125 758.0
HydrA
Francis 32703 3 107 658.7 8244 0.76
Crossflow 3072.7 2019 7483 700.5 051
Turgo 31631 3005 500, 1 728.2 0.43
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Project costs.as calc'a te b REWRScreen using the
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Required Input parameters

RETSereen ot Analysis - Small Hydra Project | Suach Moy |
Costng mefiod: M Cumency. m 05t refereces;

Formula Costing Method NotesRange
Input Parameters
Prejet country m
Cold limate? Esin fes
~10st days af e Gy | il | 2 20 i hAdA il daia g
Number of turbings il .
~Joi per urbine mils ]
Agpros. furting runnes diameder (per und i It
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Selected classfcation : 5ma
-5y dam’ Esin No
Mew cam crest lengh i il
0k 3t dam sig? s i
[ Maimum hydraulc losses i 5




nhake and miscellangous osses
Acess road required?
Length
Tote road ony?
[ificulty of teman
Tunngl required?
Canal requred?
Tenstock requred
Length
Number of irdentical pensincts
Allowab's penshock headloss fackor
Fipe diameter
Auerage pipe wal fickness
Distance to bomow pis
Trangmissin e
Lengin
[ifticuly of temaim
Voltage

f
JEsin
{m
jEsin

yesing
yesing
yesing
i
eSO
)
i
I
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im

Al

1

Ikio B

101061

Ikt a
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Cost Adjustment Amount

Iniial Costs (Formula Methet Factor (localcurrency) ~ Relakive Costs
eas 0ty Shuay 304,000 1%
Cevelopment ;i i 520,000 33%

Land rghts i

Development Suo-atal § 323,000 6%
Znesm] I 1) S I B 337000 15%
ZNErgy Equipment § 03200 § 032,000 18.8%
Balance of Flant
Agzess mad I N1 O O 1,086,000 0.7%
Transmission g s 27000 1 27000 1.3%
Substation and transfarmer s 175000 13 {75,000 1%
Pensiock TN 11 O 1 O 1831000 11.3%
Cana ; S I T : 0%
Tunng| ; S I I 0%
Gl works (other] ; B . £360 :
Balance of Plant Sub-fotal 5 0645000 § 9,043,000 5%

'..'I.I':.

alangg : 2015000 124%
(3HG baseline study and NP '

} . 0.0%
(GHG validation and regsiraion | Cost {3 i . iy
Misce anequs Sub-total :

Iniial Costs - Total {Formula Method| 5 16262000 § 16262000 100.0%
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TURBINE SIZE R T4
Inlet length A 2.5(
Spiral case ray B 1.9(
External height C 3.1(
Embedment D 0.7(
Turbine width = 4.0(
Inlet diameter F 1.2(
Draft tube length G 5.6{
QOutlet submergence H Min O.
Outlet diameter i 2.0(
Outlet altitude J J=1* (1-

Inlet valve length Vv 1.1
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