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Renewable Energy Sources Technology, Economics and Policy
(RESTEP) Curriculum

1 Introduction

In the energy-hungry society of today, sustainable development and environment conservation
are the prime goals that need to be met. Common actions need to be taken to limit the
greenhouse gas emissions exhausted by the fossil fuelled power plants, and renewable energy
sources (RES) are rapidly becoming the key instrument to achieve this goal. To achieve this,
intensified development of RES technology as well as RES policy need to be enacted.

Beside the engineers, policy makers and the potential investors, the general public needs to
become more aware of the importance of the RES and especially their impact in electricity
production. One of the key fields to ensure systematic awareness building on RES is through
the teaching of students on undergraduate and graduate levels. They are uniquely poised to
take over important positions in the technological and policy development early on, and to
contribute important influence as the future opinion leaders. For this reason, in the VBPC-
RES project we collected educational material to aid teachers in preparation of a higher-
education curriculum to facilitate teaching of various aspects of electricity production from
renewable energy sources.

2  Purpose of the project

The aim of the project “Virtual Balkan Power Centre for Advance of Renewable Energy
Sources in Western Balkans — VBPC-RES*, organized under the auspices of EC, DG INCO,
6™ Framework Program, is to increase awareness concerning the advantages offered by RES
technologies. The project consortium consists mainly of partners from Western Balkans (WB)
and from EU member countries, which are located in the Balkan area or near to it. The
proceedings of the project focus on transferring the experience gained by countries with a
high penetration of renewable energy sources to the Western Balkans countries. The
awareness building is related to many factors such as: examination of different RES
technologies, choosing the appropriate technology for particular sites, doing specific
economic calculation to determine the investment efficiency, analyzing the connection
possibilities to the electrical network, integration into the power market, etc. While the
emphasis was on electricity production, other issues concerning the use of RES technologies
were also mentioned, such as heating, cooling and wastewater treatment.

It should be mentioned that WB region is rich on renewable energy sources. Hydro energy
and wood contribute significantly at present energy balances of WB countries, but
experiences with modern RES technologies are limited. Due to the massive reconstruction of
industry across the WB region, a space is widely opened to new sustainable energy options.



The partners of the VBPC-RES project consortium have great experience in either
technology, policy or information dissemination. Within the project, several knowledge-
gathering workshops were organized to harmonize the knowledge within the consortium,
referring to a broad palette of issues about RES to be analyzed, mainly economic, social and
technological. The higher education materials gathered are based on the experience and the
and knowledge of the project partners.

3 Aim of the curriculum

The higher educational material gathered in the form of PowerPoint presentations and should
contribute towards building of a curriculum on Renewable Energy Sources Technology,
Economics and Policy (RESTEP). The curriculum for RESTEP should build on the existing
higher education curricula. The contributing material was gathered during the course of the
project and tested on two VBPC Summer Schools. It covers the current state of the art of RES
technology and policy measures, and should give the students a fair amount of skills for
economic evaluation of investment in RES projects. The emphasis is on electricity
production, where each energy source, combined with technology, is treated as a Technology-
Source Combination (TSC).

The courses were developed such that to include the main renewable energy sources as well
as some distributed generation technologies. Specific characteristics were identified for each
RES technology and included into the presentation so that to emphasize their particular
advantages. The information presented by the lecturers were based on the current state of the
art RES technology and policy measures, and it was structured in such a manner so that the
students were given a fair amount of skills for economic evaluation of investment in RES
projects.

The contents of the higher educational material were tested during the two Summer Schools
organized within the VBPC-RES project. The Summer Schools were held at University
“Politehnica” of Bucharest, Romania, in 2005, and in Fojnica, Bosnia and Herzegovina, in
2006. The main objectives of summer schools was to disseminate the knowledge and latest
research achievements and practical experiences on RES to students, to enhance cooperation
in the region by establishing networks of students and to test developed educational learning
materials, providing independent students’ feedback. The two summer schools reached their
objectives in the sense that the attending students increased their interest for RES technologies
and showed a satisfaction concerning their improved skills at the end of the courses.

4 Curriculum Contents

The learning materials that would contribute towards RESTEP Curriculum comprise modules
covering different aspects of a single TSC, as well as some general, cross-cutting modules not



focusing on any single TSC. The RESTEP Curriculum should cover the following issues for
each TSC:

e Physical principles

e Technology description;

e Economics of the TSC;

e Environmental influences;

e Regulatory framework;

e Best practice projects at the international level, in particular in the European Union;

e Case study: regional potentials and developed projects;

e References.

In the RESTEP Curriculum, the following TSC modules should cover:
e Photovoltaics, including electricity, heating and cooling;
e Wind Energy;
e Biomass: wood chips, pellets, forest residues, animal waste;
e Hydro Power: focus on small hydro;
e  Geothermal Energy, including electricity and hot water;

In addition to the TSC modules, General modules should include:
e Comparison of Different TSCs
o0 Focus on benefits and drawbacks of TSCs with examples
o0 Forecasted development in the future
e Potentials of Various RES - state of the art in EU and in WB Countries
e Overview of RES-related Policies in EU and WB countries;
e Impact of RES on Power System Operation;
e Implementation of RES projects:
0 Technical and non-technical aspects;
0 Project preparation, management, decision making processes at project level;
0 Planning and organization of RES systems;
0 EU best practice at project implementation;
0 Barriers and country specifics.

The higher education materials gathered in the course of VBPC-RES project have already
been used as the basis for improvement of the pertaining teaching curricula and introduced
into the education process at University of Tuzla, University of Zagreb, University of
Ljubljana and University “Politehnica” of Bucharest. In the latter, at the Faculty of Power
Engineering, there are some new courses introduced for undergraduate students such as
“Distributed generation”, in the 2™ year, “Renewable energy sources”, in the 4™ year, as well
as for master students such as “Sustainable development”, in the 1% year. All concerned
partners find the collected materials as a sound base to further develop their courses.
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Renewable Energy Sources Technology,

Economics and Policy Curriculum
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Technology-Source Combination module

GEOTHERMAL ENERGY

Authors: Dr. C. Karytsas, D. Mendrinos, and K. Karras
Centre for Renewable Energy Sources
July 2006
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Geothermal energy : The Reliabl
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Geothermal Energy forms

e

" > High Enthalpy:

i — 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
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Drilling rig view
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- Geothermal Energy applications in the
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Geothermal Powerstation viev

&1 sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205



D UTRTUAL BALKAN POWER CENTRE

High-enthalpy (temperature) drilh
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From Bertani 2005

Table 1: Inztalled Capacity and Energy Generation.

Imstalled Elsctnoaty
Capacity (Fensrahion
[MW] [GWhiy]
1 300
3 887
4 764
5 832
& 793
7974
8912
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Electricity Production

gCapitaI cost: =
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200 -
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Thermal applications ()
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Thermal applications (ll)
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w > Capital cost: MWth (2002)

200 — 1400 € / kW(th) 450

400

v 350

‘> Operation and Maintenance cost: 5%

i 2-3% 200

150
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. > Energy cost: SS.SQ.MMWMMH
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Gaotharmal Heai Pumps
Spaca Heating
Grasnhouses
Sugueacuttura

agricuttural Drylng
Industrial

Bathing and Swimming
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Others
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Fizure 1: Comparizon of worldwide eperey uze in TJvr for 1995, 2000 and I005.
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| ralanou—l—rpo IS-spas system
specifications

" > Borehole ~60m?3/h, 52°C
> Heat exchanger

> Re-injection at 37°C

2 » Power 1 MWth

~ > Underground PP piping
" >4 buildings of 11 rooms
“ » Spas buillding

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

< i
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Traianoupolis-spas hotel heatl
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Power-production by use of an O

substance or Ammonia
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valve Compressar 20% electricity
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Operation principle

Geothermal
water in

ED Evaporator
93°C

, Cooling seawater
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Kimolos desalmatlon unit

hﬂ: 1: The desalination unit
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Fish farming
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Drilling-rig view
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Borehole section
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GEOTHERMAL BORE-HOLE OF SALOMICA AIRPORT "MACEDOMIA"
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Submerged pump placement in a law.

temperature well in Langadas
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Langadas Geothermal Cascade Ulili

System

-
» 90 m?*/h water at 22-40 °C

» 3 boreholes 8" of 100-200 m __
» 2.2 km water transportation pipe &8
» Water Tanks “ ¥l

» 8 Water-source Heat Pumps

» Building entering temp. 45 °C 8K,
> Low temperature heating system - -
» Automations (Inverter)
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» Shallow Geothermal energy (t < 25 °C):

— Heating & cooling
with water-cooled heat pumps

Geothermal Heat Pumps (l)
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Geothermal Heat Pumps (lI)

> Capltal cost: Installed power, MW(th) \
600 — 1800 € / kW(th)
» Energy cost
(Electricity & maintenance):
0,012 — 0,024 € / KWh(th) o oofs
02002
» Energy cost (Including capital with A
money cost 5% for 20 years): 38 s & ¢
0,030 — 0,048 € / kWh(th) 5T gii
S o

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



IR NEZNEM

U

BRUNTEE R

Underground
.

Sixth Framework Programme, Sixth Framework F
Contract: INCO-CT-2004-509205




UTRTUAL W
Horizonta

S

Sixth Framework Programme, Sixth Framework Pro;;ra
Contract: INCO-CT-2004-509205




N

e

Sixth Framework Programme, S
Contract: INCO-CT-2004-50920¢




r."l
43
)
PRy

gr1
e

i 7
pos
N . ]

13
;.r’

Y

o
1|

or,
|

frt
.

5
|
t A
Y
T

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



" UIRTUAL BALKAN POWER CENTRE A
Pylaia Town-Hall system specificati |

5 =
" »21 6" boreholes

» 380 m deep

. »>U-tube, @ 40

- 10 Water-source HPs
: >155 kWith & 215 kWC
. »Fan-coils

© > Central AHU
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Heat Pumps in Pylaia Townha
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NTUA Building

gBorehole of 280 m, 35 m?/h,
22 °C = 80 % energy

> 13 VEHESs 82", 90 m deep, N |
U-TUBE = 20 % energy .

» 2 Water-source HPs

> 526 kWth & 461 kWC

> COP=33-35
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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
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Geothermal ORC & MED in Milos

4 )

» 8 Boreholes 70 — 185 m

> Total 550 m3/h e

» Wellhead Temps. 55 - 100 °C

» 20.000 — 55.000 ppm

» 75 m*/h GEOTHERMAL
MED Unit

» ORC 600 kWe
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Geothermal Energy applicatio
Greece (2005): 74 MW

/
/
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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




D UIRTUAL BALKAN POWER CENTRE /M
References \

\
A

/1/ Karytsas C., Nisyros prefeasibility study for geothermal energy
utilisation, (CRES internal

report March 2005),
Guidelines for RES-technologies VBPC -RES
9-138

/2] Karytsas C., Mendrinos D. (February 2003) Nisyros low enthalpy
geothermal energy

utilisation in ge-islebar: removal of barriers to the development of thermal
resources in

European peripheral islands — final report, ENERGIE DG-TREN

/3/ Public Power Corporation and Geotermica ltaliana Srl. (February 1984)
Nisyros 2

geothermal well final report

14/ A. Martzopoulou, Chr. Koroneos and N. Moussiopoulos (2002)
Environmental Effects by

the Use of Geothermal Energy

/’\7 VV VV V VVVV VY

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



D UTRTUAL BALKAN POWER CENTRE

Renewable Energy Sources Technology, Econo
and Policy Curriculum

Technology-Source Combination module

Wind Energy
Author: Vesna Bukarica, M.Sc.E.E.

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

{_f’“_
» 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

o
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Content of lecture

i i
» 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
9. Y
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Introduction

»Wind energy potentials

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

» Regulatory framework to support wind
energy use

N v
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Wind energy potentials

d i
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 !
v
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Status of wind energy use
il k.

» 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



D UIRTUAL BALKAN POWER CENTRE m

Status of wind energy use, ||

-

» In 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 in 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 .
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Status of wind energy use, |l

i |
B / WIND POWER INSTALLED IN EUROPE 2 \\\
: BY END OF 2005 (CUMULATIVE) "

1)

" EU - 40,504 MW

r ACCESSION COUNTRIES - 28 MW

EFTA COUNTRIES - 279 MW
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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 (ES) 12.9%

WESTAS (DH) 27.0%
BCOTECHIA (ES)
MITSUBISH (JFy 1%
Source: BTM Conzulf ApS - March 2008 20%
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Wind energy status in Croatia

{_f’“_
> Strong interest for wind energy use in Croatia -

» 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

N v
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Wind energy status in Croatia, I
5 - =~

» 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

N v
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Wind energy status in Croatia,
d -

> Main barriers and problems

— 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)

— 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

N v
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Regulatory framework

{_f"‘_
Investment premium kWh
grants payment
“green”
certificates
RTD subsidies tax incentives No eco-tax on
on investments “green energy”
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Regulatory framework, Il

{_f"‘_
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) /
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Regulatory framework, Il

¢ oo _ — :
e Country Green cerificates |Feed-in tariffs Fiscal measures |Investment Other
! subventions

Austria I N
Belgium - 1!

Zzech
Denmark
Finland
France
Greek
Ireland

ltal

Hunga
Metherlands
Morwa
German
Poland
Portugal
Slovakia
slovenia
Spain
sweden
Switzerland
(Great Britain

\ Active system FPlanned system /

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Regulatory framework, |V
i \

» 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

N v

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

Physical principles of wind
energy use

I~

: J
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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
i i

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

W » Wind is movement of air masses
AT 4‘ — caused by pressure differences (resulting from
T, - AT temperature differences)

— influenced by rotation of the earth and terrain
features

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

#
i

N v
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Variability of wind in time

/N

{_f’“_
contribution to wind Speed da”y pa’[tems (Often thermal driven): \H
variability * sea breeze _
« mountain slope winds
turbulence, related to
e terrain, obstacles
e storm fronts (gusts)
large scale weather systems
* high/low pressure systems
* seasonal variations . .
spectral gap
year month day hour minute second
. > time scale .

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



weather systems

topography

terrain roughness

———>

Source: ALTENER
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Wind — intermittent energy source
d R
» 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

Vv
WW\/\\/\/\ I CESEES

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

o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Mathematical modeling of wind spee
o \

» 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

o

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 [ong  sjte which has reliable
-:a erform local | -
e P enough to obtain  ong term statistics

measurements long term

statistics
S i

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

» N
" | »Measure — correlate — predict

reference meteostation
long term data and statistics

. measurements at
location N

simultaneous measurements

develop correlation

\ modify long term statistics /

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

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

N v

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

1\‘3

5 -
]

b

Wind resources over open gsea (more than 10 km offshore) for five standard heights
200 m

ms~! Wm-?

Wind resources' at 50 metres above g
At a sea coast? Open sea®

round level for five different topographic conditions
Hills and n'dgm‘

=11.0 = 1500

ms~!

Sheltered terrain® Open plain?®
ma? Wm? | ma! Wm~? ma-! Wm-? ms~1 Wm—2

> BOO =115

= 6.0 > 250 > 148
6.0-6.0 150-260 6.5-7.5  300-500
4.5-5.0 100-150 5.5-68.5 200-300 6.0-7.0
3.5-4.5 50-100 4.5-5.56 100-200 5.0-6.0 150-250

<85 < 50 <45 <100 | <50

7.0-8.5 400-700 8.0-9.0
250-400 | 7.0-8.0

= 500 > B.5 > 700 > 0.0
600-800 | 10.0-11.5
400-600 B.5-10.0

9.5-11.0  900-1500
B.0- 85  600- 800
6.5- BO  300- GO0

< 6.5 < 300

5.5-7.0 200-400 | 7.0- B
< 1560 < 5.5 < 200 < 7.0

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

Contract: INCO-CT-2004-509205
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~ Wind energy production
B -

» Energy in the wind (energy/m?) is proportional to:
— 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 ‘ /

H\ ——— wind spe_er

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




UTRTUAL BALKAN POWER CENTRE /h

Wind energy production, ||

» 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

N L

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 X —

total area = annual energy production

S "V o
Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Further readings |

d o

http://www.windpower.org/

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

http://www.windatlas.dk/

N v

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

: J
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— ~
A

Content of lectures

] » Wind turbine design

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

» Wind generator concepts

— Constant speed turbines de
— Variable speed turbines j
» Power system impacts 4
— Local impacts u
— System-wide impacts
» Further readings /f\r
|

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

s

» 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)

o

MNacelle 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

e -
" | — growth in size

& = Rotor Diameter 5,000 kW
@ 124m

2,000 kW
@ 80m

13 1980 1990 1995

H\ Source:EWEA _/
Ty

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

» 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.

N v

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

» Orientatio
vertice
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Wind turbine characteristics, ll|
) =
» 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

N v

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




UTRTUAL BALKAN POWER CENTRE /h

Wind turbine characteristics, |V

i =
» Rotor power control
— 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
S machine control system J

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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i x\H
I':
bes] A
B 1. Blades
2 Rotor

e 3. Pitch
Y 4 Brake
£ 5 Low-spood shah
i | B Gear box
i 1. Generator
i B. Controllar
:.i 9, Anomometor
¥ 10, Wind Vane

: 11. Nacelle
't 12 High-speod shah
I' 13, Yaww drive
T 14, Yaw motor
5 H\ 15. Tower _’/
£ Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation

Contract: INCO-CT-2004-509205
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Wind generator concepts
d 2

> generating 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

N v

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

» Squirrel-cage induction generator system

Y
1O

» 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
o  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
d \

» Doubly fed induction generator

Y
1@

B

« due to power electronics regulation, generator operates over
a relatively large sneed range

« electrical power is independent from the speed

» the concept allows turbine operation at the aeroaynamically

o 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
d \

» Direct drive synchronous generator

| © b

 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

 solution is i diract drive cancer:t hut with single stace gear
box with low ratio — lower number of poles required and

\ smaller generator J

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

”’f);’m\c@ h

2 Qe O
on_B 8
20kV@@

dfea

-
. ~ —_- ==
micro scale mteractlon ~ = teria for arid
» grid variations affects turbine generator SHEEHE otr Jr
. *turbine influence on consumers, flicker etc g o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Power system impacts
{_f’“_
» 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

» TSO 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
i . . .

» 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.orq/pdf/Publications/2004/UCTE-
position-on-wind-power.pdf

N v
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e A

Economics of wind power
plants

I~

: p

&1 sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205




UIRTUAL. Brl KAN POWER CENTRE

Content of lectures
i k-
» 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

N v
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- Project economics basics

& =

» 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

N v

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

A =
» 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 + Qgross
Income — O&M expense — taxes — (debt principal +
ol 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
il E

» 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

N v
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/N

Project economics basics, |V

i =
» Profitability indicators

— Net Present Value

— Internal Rate of Return

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

| = initial (investment) costs

o

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

il E
» 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.

N v
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Wind power project economics

{_f’“_
» The main parameters governing wind power .

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!

N v
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revenue: energy sales + “green credits”

+ sub5|dyll I
W e .

scrapping

preparation O&M, operation

construction
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Wind power project expenditures

Viba

s

» 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

o

» Specific investment costs 900 €/kW to 1.150 €/kW

~

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Wind power project expenditures, lI

P

% of total investment
costs for foundation and

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

onshore offshore

0

B wind turbine M foundation

[ electrical infrastructure . miscellaneous

o
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Wind power project expenditures, I
B =

» 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%

N v
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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”

N v
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-~ Wind power project revenues, ||

Eff s

» (Guaranteed purchase price for the whole amount of h
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!

N v
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- Generating costs of wind power
B -

» 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 %

N v

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Generating costs of wind power, Il

s

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

1240 Fig. 2: Using Experience Curves to lllustrate the Future

Development of Wind Turbine Economics until 2010
10,00

10 years doubling time of
installed capacity

.
5

8,00
'g &,00 5

N ——

= 2,00
a% Medium wind Coastal
areas aregas
0.00 4 5 years doubling time o
' ’ o o o , o installed capacity
1,500 1,700 1,800 2,100 2,300 2,500 2,700 2,900

2002 2003 2004 2005 2008 2007 2008 2009 2010
Source:EWEA

Number of full load hours per year

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

10% p.a, Source:EWEA

5\ =

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




D UTRTUAL BALKAN POWER CENTRE

Generating cost of wind power, |l

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)

Inlands=site (8,3 mys) I|
[ f

c€,/kWh

5]
a
4
3
2
1
0

Turbine size
M Coastal site

W Inland site

Source; DECDAEA (1988), updatad to 2001 £ oricas.
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Case Study: WPP Stupisce

» 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 355 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
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Case Study: WPP Stupisce, |
i -

» Specific investment costs 980 €/kW
» With additional substation 35/10(20) kV, 8 MVA specific
investment 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 Stupi§ée, I

>

>

o

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 €

Operation 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) o

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

s

INPUT DATA

Construction time year 1
Economic lifetime yvear 20
Generator rated power kKWW 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 yvear 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 % 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) Y% 1,7
Insurance costs (9% from investment in civil works and

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

o

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

s

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

European Wind Energy Association (EWEA)

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

N v

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Environmental impacts of wind
power plants

I~

: J
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Content of lectures

i » Global impacts k

— 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 v

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

» 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

N v

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Not In My Back Yard Syndrome

o

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
Contract: INCO-CT-2004-509205
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Global impacts
o \
» 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,

N v

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Regional impacts
o \

» 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,

N v

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

) . | e
» Human perception (nuisance)
— 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)

N v

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

i \
» visual impact
— visible change in the
landscape
— perception is highly
subjective

Remedies: <
o o

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

-
» shadow flickering

— occurs only during
bright sunlight e

— can be exactly
predicted -

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

rotation

o

moving shadow

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

{_f’“_
> noise

 busy office 60 dB

* pneumatic hammer (7
m) 95 dB

 pain limit 140 dB

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

recommended distance
> 150 ~300 meter

m

~

o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Nuisance, 1V '

il E
» electromagnetic interference

— solved by proper sitting of WPP

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

o recelver .

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

e
> birds
— 3,1 bird Causes of Bird Fatalities

mOrta“ty per Number per 10,000 fatalities
installed MW Wind Tutbines | <1

_ Communication Towers
— collisions

* birds shift flight
paths to avoid
collision High Tension Lines

Pesticides

Vehicles

- Other
— disturbance
. Cats
* birds tend to —
avoid windpark [l
area or get 0 1000 2000 3000 4000 5000
accu StO m ed Source: Erickson et al, 2002, Summary of Anthropogenic Causes of Bird Martality,

o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Other interesting complaints

it =
» wind turbines are dangerous

» horses are frightened
» wind turbines cause headaches

» promote lice on potato’s and disturb
agriculture

NON ARE TRUE!

s A /

% Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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External costs

s

o

benefits and costs which arise when the
soclial 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).

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

Costs

Social Cost of Energy
Cost of Wind
o€ kiWh 1.4 41
Extermal Cost®
e kWh 0.0 — Dule N e I [
: Social Cost 4.49 - 4 56 419 - 426
e Internalisation of external costs
SR makes wind energy competitive
X with conventional energy
i sources!
' Coal
5 Costs Spain Denmark
= Extarmal Ciost
r o 4.8-7.7 3.5-6.5

Total Cost B.73-11.63 a1 - 901

e

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

s

Wind Energy — The Facts, Volume 4: Environment

European Wind Energy Association (EWEA)

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

N v

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Implementation of wind power
projects

I~
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Site search

feasibility

site
development

contracting construction,
suppliers installation

Sixth Framework Prog
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commissioning

scrapping
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e
i
e

r
4
|
uf
:

Feasibility study

economic
feasible ?

is site available ? technical feasible ?

o [ O
YES
proceed with site development

N v

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

e
" [» permit — contracting — construction

% > construction

G — manufacturing

— construction work on site

— transportation

— erection and assembly of

0 turbines

— installation of electrical
equipment

— testing

% — commissioning

o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Conclusion:
Benefits from wind energy use

I~

: J
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In a nutshell
) e

» 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

N v

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Sources and useful links

{_f’“_
sources

(lectures preparation):

» ALTENER project AL/68/22

Renewable Energy Course
Materials CD

(Courses ENG6, ENG7,
ENGS)

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

o

» The European Wind Energy Association

Links: O

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

http://www.ewea.orqg/

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.orqg/

U.S.DOE Energy Efficiency and
Renewable Energy

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

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

Contract: INCO-CT-2004-509205
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SMALL HYDRO BACKGROUND

However, there are also many regions of
the world that have a significant number of
small hydro power plants in operation,

In China, for example, more than 19,000 MW
of electricity is produced from 43,000 small
hydro facilities.




SMALL HYDRO BACKGROUND

Small Hydro Project Analysis

ere IS no universally accepted aefinition of the term
ﬁ “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.




SMALLHYDRO BACKGROUND

)i the size of a project. \ e
mple, a 20 MW, low-head “small’ hydro
- plantis any'thlrb but small as low-head projects

generaIIyJJse much Iarger volumes of water, '
with

3




Description of Small Hydro Power Plants

A small hydro generating station can be described
under two main headings:

civil works, and
electrical and mechanical equipment.

Figure below is for a schematic of a
typical small hydro power plant.



Description of Small Hydro Power Plants
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Description of Small Hydro Power Plants
- Civil works

The main civil works of a small hydro
development are:

the diversion dam or weilr,
the water passages, and
the powerhouse




Description of Small Hydro Power Plants
- Civil works

The diversion dam or weir directs the water into a
canal, tunnel, penstock or turbine inlet.

The water then passes through the turbine, spinning it
with enough force to create electricity in a
generator.

The water then flows back into the river via a tailrace.

Generally, small hydro projects built for application

at an is_olated area are run-of—rive( developme_nts,
meaning th_at water is not stc_)red in a reservoir and
IS used only as it is available.

10




Description of Small Hydro Power Plants

- Civil works

The cost of large water storage dams cannot normally be
justified for small waterpower projects and consequently,
a low dam or diversion weir of the simplest construction
IS normally used.

Construction can be of:
concrete,
wood,
masonry, or
a combination of these materials.

Considerable effort continues to be spent to lower the
cost of dams and weirs for small hydro projects, as the
cost of this item alone frequently renders a project not
financially viable. 1]



;o \ ! -
COMPONENTS OF A HYDRO SYSTEML

Dam —.

iy R [ '-:?TV_""'E—-

R @
- - fod Sy
i Sy . . J oL s

Powerhouse

Powerline — -
Generator —

Turbine —
Draft Tube —




COMPONENTS OF A HYDRO SYSTEM

Turbine —

pO /)
intake.

_Canals
of the exi

Tunnelsare underground and excavated -

by drilling and blasting.

Penstocks, which convey water under pressure, can be
made of steel, iron, fibreglass, plastics, concrete or wood.

—



Generator —

Turbine
Drafit Tube
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The powerhouse

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

Small hydro powerhouses are generally k

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, — s g 3
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 Iin
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.







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-nead, 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
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“Run-of-river” SHPP

The power output of run-of-river small hydro plants
fluctuates with the hydrologic cycle, so they are
often best suited to provide energy to a larger
electricity system.

Individually, they do not generally provide much firm
capacity. Therefore, isolated areas that use small
hydro resources often require supplemental power.

A run-of-river plant can only supply all of the
electrical needs of an isolated area or industry if the
minimum flow in the river is sufficient to meet the
load’s peak power requirements.



“Run-of-river” SHPP

Run-of-river small hydro can involve diversion
of the flow in a river. Diversion is often
required to take advantage of the drop in
elevation that occurs over a distance in the
river.

Diversion projects reduce the flow in the river
between the intake and the powerhouse. A
diversion weir or small dam is usually
required to divert the flow into the intake.



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.




Hydro project engineering phases

There are normally four phases for engineering
work required to develop a hydro project:

Reconnaissance surveys and hydraulic
studies,

Pre-feasibility study,
Feasibility study,
System planning and project engineering.



Hydro project engineering phases—
Reconnaissance surveys and hydraulic
studies

This first phase of work frequently covers
numerous sites and includes:
map studies;
delineation of the drainage basins;
preliminary estimates of flow and floods;

a one day site visit to each site (by a design
engineer and geologist or geotechnical
engineer);



Hydro project engineering phases—
Reconnaissance surveys and hydraulic
studies

preliminary layout;
cost estimates (based on formulae or
computer data);

a final ranking of sites based on power
potential; and

an index of cost.



Hydro project engineering phases—
Pre-feasibility study

Work on the selected site or sites would include:
site mapping and geological investigations

(with drilling confined to areas where foundation

uncertainty would have a major effect on costs);

a reconnaissance for suitable borrow areas
(e.g. for sand and gravel);

a preliminary layout based on materials known
to be available;



Hydro project engineering phases—Pre-
feasibility study

Preliminary selection of the main project characteristics
(installed capacity, type of development, etc.);

a cost estimate based on major quantities;
the identification of possible environmental impacts; and

production of a single volume report on each site.
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Work would continué o
Investigation programme:

>delineation and testing of all borrow ares;

»estimation of diversion desrgn and proale maxrrn‘tJ




A’

“Work would continue¢
Investigation program

»design of all structures in sufficien ail to obtain qua

for all items contributing more than about 10% to the cost ofg
Individual structures;

>determ|natlon of the dewat ing sequence and ¢ - z

-'_.r ——
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Work would continué
Investigation programme

» production of a detailed cost'e imate;

~ and finally,




. :
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BEE i< ok would ingl

>studies and final design of

» Integration of the transmission system;
IE——— S L d

»Integration of the project |nto the power network-to

ﬂ‘—r:’ﬁ‘

determlne premse operat| g mode;




O

>analysis of bids and detailed d

»production of detailed construction drawings and reviewof
~manufacturer’'s equipment drawings. ——



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:
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If the small hydro p¢
grid, then it is assumec
energy production and the ..-_
specified.
o o

If on the other hand the system is ofF grld or connected
to an |solated-gr|d then e Jy that




\

Load demand can be re

The load-duration curve can be Spe

twenty-one values Ly Ls Ly, ..., defining the load on the
load-duration curve in 5% inctergeg_’c_s,. e P—
L, represents the Ioad that equallec

_I_tlme =




Lovad (kKW

.__I1

30 40 50 a0 70

Parcent time load equallad or excaadad (%)

= o




Daily energy demand
~__under the load-duratior

—

S oy
100

(WhieTotalilaws & EiFn



The annual energy demand D is obtainec oy multiplying

the daily demand by the number of days in a year, 365: 4" |




The average load factor L
load (D, / 24) to the peak load (L,):

—
T

D,/24 &




>the efﬁmenmes/losses

The calculation involves comparing the d-a_i_ly renewable
energy available to the daily load-duration curve for each of
the flow-duration curve values.



" > Propefie

Energy Prod B
Turbine

Standard turblne ien Cies curves can be developed for the
foI wmg turbine typk -~

»Kap an (reactlon turblne |
» FraneiSatsgactior oine),

»Pelton (|m SturbmneY
>TFurgo (impulse turbme) and S
» Cross-flow (generally classified as an impulse turbir



N >'r’gte

SHPP Project IVI_da-—-—-\

Energy Pr uctlon
Turbine effiCIGHR)

The type of turbing
available head a

T jj
NUP

»runner diarr _
>turbine specific speed (calculated*forreat -

and e — _““ﬁ"
»the turbine manufacture/design coefficient.



" Follow the™®

Energy Pro
Tur_ e effici

The efficiency eque jere derived from a large

nu i‘._ber of manufac &t CISAC) QLcurves for different
turbine types and head a S

o
= ';-



ITEM

Turbine efficiency curve

SHPP Project Model
Energy Production

Reaction turbine
runner size

i

*.

Specific speed
(1,)

.ﬁ
d =kQ,~

— et theoat diameter in m
e

.
N4]

= "--- ow at rated [1cs

where: ;
Ere .'i'ﬁ|

lli:L_

/i

]

= specific speed based on flowss "
= 800 for propeller and Kaplan turbines
= 600 for Francis turbines

= rated head on turbine in m

(gross head less maximum hydraulic losses)

:- g




HPP P '_ Mode
Energy Production
Turbine efficiei,,- \/ cCUrve

\ . 

FRANCIS TURBINES:
ITEM

specific speed
adjustment to peak
ﬁﬂiciency
Ye,)

Runnel

adjustment 18
efficiency

(“e,)

A

Turbine peak e, = { 0.919_ { +7e, ) —0.0305+0.005 R,

efficiency
{f_?,,) where: R = turbine manufacture/design coefficient
(2.8 to 6.1; default = 4.5). Refer to online manual.




SHPP Project Moef'(

Energy Production
Turbine efficiency curve - Francis turbine

Peak efficiency flow

(0,)

Efficiencies at flows
below peak
efficiency flow

(e

},'!i'

Drop in efficiency
atf s

(5%,

Efficiency at full load

, (e )

2 =

Efficiencies at flows
above peak
efficiency flow

(e,)




SHPP-Project- Model
‘ Energy Production

Turbine efficiency curve

KAPLAN AND PROPELLOR TURBINES:

ITEM FORMULA
Specific speed
adjustment to peak L \ / -
efficiency Eng _{(”ﬁ' _1?0% ?00}
(e,,)
Runner size
adjustm_ept to peak Ne = (0.095 + e ) (] —0,789d_ﬂ'2)
efficiency - L
("e,)
furbine peak e, =(0.905-"e, +"¢,)—0.0305+0.005 R
efficiency P nq a "
fE?F] where: R = Turbine manulfacture/design coelthcient
(2.8 to 6.1; default 4.5). Refer to online manual. g




SHPP Project Model
‘ Energy Production

Turbine efficiency curve

KAPLAN TURBINES:

[TEM FORMULA
Peak efficiency flow

0, 0 =000,
Efficiency at flows i / 6
above and below peak - QD‘Q

. e =[1-3.5 e

efficiency flow d 0 ’
(Eq) ] I o




SHPP Project Model
‘ Energy Production

Turbine efficiency curve

PROPELLOR TURBINES:

ITEM FORMULA
Peak efficiency flow
0,= Q.:;r
0, :
Efficiencies at flows - / NEER
below peak B 5 Qp -0
. e =[1-1.25 e
efficiency flow / 0 P
(¢ ) ! R,
e




SHPP-Project- Model
‘ Energy Production

Turbine efficiency curve

PELTON TURBINES:

ITEM FORMULA
Rotational speed LS
(1) n=311\nh g‘f’
J
where: ;= Number of jets (user-selected value from 1 to 6)
Outside diameter 49 4 hu.ﬁjcr.m
of runner d=—
(d) h
Turbine peak -
efficiency e, =0.864 d~
(e,)
Peak efficiency flow— -
Qﬁ =(0.662+0.001) Qd

84
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SHPP Project Model

Efficiency at flows
above and below
peak efficiency flow

(e,)

Energy Production
Turbine efficiency curve — Pelton turbines

0,—0

.

140.025 /)

Pl

e, =|1-1(1.

(5.6+0.4)

€

85



SHPP-Project- Model
Energy Production

Turbine efficiency curve

TURGO TURBINES:
ITEM FORMULA

Efficiency

(e) Pelton efficiency minus 0.03
q

86



SHPP-Project- Model
‘ Energy Production

Turbine efficiency curve

CROSS-FLOW TURBINES:

ITEM FORMULA
Peak efficiency flow B
(QF} Qp Q.::i'

Efficiency B PR
(e, ego.mol::{gﬂf 9]1.37{@ Q]

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



Energy Production
Turbine efficiency curve
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SHPP-Project- 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 —(hh_mr +h )] e, e (1-7 ) (1—3‘%.&.)

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,qo and hy,; are respectively the hydraulic losses and

tailrace effect associated with the flow;
90



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,
I .-the transformer losses, and

trans

l,ara - the electricity losses.

e
E

(1 - ;.'i"ﬁ'f'?E ) (1_ f‘.t:'ﬁ':".ﬁ.' )

*

91



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:

, 0°
i - P P {.J}:‘l‘-‘.:_

92



SHPP-Project- Model

Energy Production
Power available as a function of flow

Inydr max 1 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:

93



SHPP-Project- Model
Energy Production

Power available as a function of flow

where hy,; ., 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.

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. )-

04



SHPP-Project- Model
Energy Production

Plant capacity
when Q < Qdes

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

Po=p g OuH, (1-1,.) eue (1-1,..)(1-1..)

where P, is the plant capacity and e, 4, the turbine
efficiency at design flow.

95



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,' Q5', ...,
Qo0 » 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.

96



SHPP-Project- Model
Energy Production- Power-duration curve

o5 5.000
: 0= Available flow + 4,500
== Flow used
20 —+— Auvailable power 4,000
+ 3,500
3 < o
15 3,000
=
= 1 2,500
=
I=
“ 10 2,000
+ 1,500
5 1,000
[ - L - - L - - i i T i \
500
{:} T T T T T T T T T I ﬂ
0 10 20 30 40 50 60 70 80 90 100

Percent of time flow equalled or exceeded (%) o

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).

98



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 + Py _
Em‘u."f = 2 — ”2 - i 8?60 (l_f{fr)
k=l

100
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. "



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.

100



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:

101



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).

102



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,

,..., G409 COrresponding to available power Py, P, ,..., P 10 ,
are calculated.

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

'GT,T _ i( F:L_‘El:'ﬁ—u- + ‘F:_-_:ik ] 5 24 *k

2 100

103



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.=mm(P. L)

104



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.

105



SHPP-Project- Model
Energy Production- Renewable energy available

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

25 5,000
== Ayailable flow T 4,500
—&— Flow used
20 *+— Available power 4,000
\ ‘‘‘‘‘‘‘‘ 1 3,500
L ———————+—
15 SEAN \ 3,000 —
B 2
£ + 2,500 %
s :
“ 10 2,000 &
\\ \ L 1500
5 1,000
! e \r 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 105



EXAMPLE

Energy Production- Renewable energy available

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

5,000
4,500
4,000 -
3,500

3,000 -

== | oad

Daily renewable energy delivered

'P,. = 2,630 kW |

2,500

Load (kW

2,000 7

1,500

1,000

500

Daily renewable energy delivered G5

10

20

30

40 50

Percent time load equalled or exceeded (%) 107
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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)

Daily renewable energy delivered
== Load ‘
Integration with formula
/:Ipfz,aao w *%* gives the result:
Daily renewableenergydeli\ir\l (-T_. i . __'| S r. l 1':_ '-_. T | I |
1 ID 2ID 3I0 4ID 5{) 6I0 ?ID 8{} QIO 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, G5 ,..., 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:

109




Energy Production- Renewable energy available

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

80,000

Annual renewable energy delivered

. 70,000 —*— Daily renewable energy delivered

A&
60,000 -

50,000 -

40,000

30,000 -

Annual renewable energy delivered
20,000 A

Daily renewable energy delivered (kWh/d

10,000

U T T T T T T T T T
0 10 20 30 40 50 60 70 80 20 100
Percent time flow equalled or exceeded (%) 110




SHPP-Project- Model

Energy Production- Renewable energy available

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

20 (G
ﬁrn 1) + G 5

E, = — 365 (1-/
divd ; 2 1 {]0 ( df ]

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

111
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SMALL HYDRO PROJECT MODEL
Project costs

The Small Hydro Project can be moduled in that way to offer
two methods for project costing: the detailed costing method,
or alternatively, the formula costing method.

The detailed costing method follows invoices.

The formula costing method is based on empirical formulae
that have been developed to relate project costs to key
prgject parameters.

The costs of numerous projects have been used to develop
the formulae. The formulae will be given in the learning




SMALL HYDRO PROJECT MODEL

Example 11

\ F
A turbine efficiency curve as calculated by RETScreen
should be compared to manufacturers efficiency data

for an installed unit with the same characteristics.

-
’-‘.
_—

The following provides a sum(‘nary of the prOJect and the
turbine performance data as provided by the

manufacturer: ’\
o/ .




MALL HYDRO PROJECT MODEL
Example 11

Project name: - L
XYZ Hydro Project | \ AN e
Project location: ) > -

Approximately 40 km south of Fojnica

on the confluence of T and E River.

Project features: Ve

600 m rock tunnel tapping into Lake, 50 m of 1.5 m diameter steel
penstock, single horizontal Francis turbine, horizontal synchronous
generator, 1,500 m of submarine power cable, substation and
connection to distribution network at 35 kV. Aut hjatic operation and
remote monitoring. Uy 4

Date commissioned: L‘\

December 2007 o/ )

Turbine manufacturer: '
GEC Alsthom (runner by Neyrpic



MA

6,870 kW at 103.6 ne

Maximum rated p

“Diameter:
1,100 mm

Number of blades:
13

Efficiency data
manufacturer (se

.

Nameplate ratin : £

7.115 kW at 105. \’ -

c ECT MOD
\. Example

'Efficiency

7.35 0.93
.00 0.93
8.65 0.93
6.30 0.92
[ 595 0.91
560 0.90
5.5 0.90

- 4.90 0.88
4,55 0.87
4.20 0.85
3.85 0.84
3.50 0.82

| b




MALL HYDRO PROJECT MODEL

Example |
g

gross head value of 109. 1 m was entered Into
ETScreen, which corresponds to ahet head of 103.6 m
ith maximum hydraulic losses of 5%.

nd the efficiency curve generated by RETScreen is

omparison between the manuiacturer’s e?f"'i:_ciency data
own in next Figure. )\




\Y HYDRO PROJECT MOD
| EXxa I

Efficiency

0.8 -

0.6 -

0.4 A

0.2 1

\N

3
2

—

== Manufacturer’'s data

= RETScreen calculated efficiency
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- HYDROPR JECT MOD
Exa_

Plant capac ind an

A comparison & ﬁ
Project Model and
HydrA.

I"., " -
2en Small Hydro
, program called

........

low estimation model
ive statistica nalysis of national

catchment |nf mation.

derived from
river flow dat




MALL HYDRO PROJECT MODEL
| Example |11

t capacity and annual renewabfe @Tgy dehvered Input data
K _ ““\c

\ 2l
Mean flow: 1.'9_0 S TA e S
A
Residual flow: 0.27 m3/s &

Rated turbine flow: 1.63 rqg/s .:_
rl‘ ‘{k

Gross hydraulic head: 65.
.
Net hydraulic head: 58.5m




SM?h HYI

Plant capacil
It may be concludec

> Applicable

Turbines

Gross Annual Av.

Output MWh

Met Annual Av.
Output MWh

LY

ETSereen

Maximum Power
Output kW

=CT MODE

Results
erence in the

Rated Capacity

kW

\-' e ~ &

Minimum Operational

Flow m¥/s

Francis 3002 ;8100 N
g Cosson 2036 8% 7450
Turgo '
Francis 32703 0.7
Crossflow 3072 0.51]
Turgo 1 1631 043




MALL HYDRO PROJECT MODEL
Example IV
- Project costs -

Project costs. as calcu\ated by RETScreen using the
Formula Costing Method were compared to a detailed
as-built cost evaluation prepared for the existing 6 MW

Rose Blanche hydroelectric development in
Newfoundlarzd, Canada.




SMALL HYDRO PROJECT MODEL
Example IV
Project costs

%8 summarised below:

Project name:
Fojnica

Owner/developer:
B&H

Project location:
Fojnica suburb, approximately 45 km east

NDecembear 2007



3 & The key parameters of the SHPP project are

summarised below: ..

M -

Pl‘OjeCt name: ol -

Fdnma_

Owner/developer: {
B&H

Project location: 4._\
Fojnica suburb, approxim tely 45 km east
Of Fojnica Center.




\ 4 F’ y
- Project type:
Run-of-river (with several days storage)
Installed capacity:
| 6 MW
Design net hfad:
114.2 m |
Rated fl c‘ﬁ/v "
6.1 m3/s
Turblne/generatqr
in Francis turbines connected to a single generator.
Other project features:



Required Input parameters

RETSereen st Analysis - Small Hydra Project

Costng mefiod: M

Formula Costing Method
Input Parameters
Project country
Cold climate?
Frost 0ays at 6t

MumBer of turbines
o per turbine
Agpros. furting runner diameder (per und]
Project classifcaton
SUgpested ciassation
Selected ciass feaon
Existing dam’
Mew cam crest lengih
Rock 2t dam s?
[ Masmum hydraulic losses

yesing
Gy
hurbing
mils

jEsing

jEsino

[ ol ]

ey __1 ]

‘Yes\

|1’Ci]'|

!
3]

E& ! ]‘in o

oSt references:

NofesiRangs

adnllibe dmpn




nhake and miscellangous osses
Acass rad required?
Length
Tote road ony?
[iticulty of temai
Tunngl requiredt?
Canal regured?
Tenstock requred?
Length
Number of identical pensincts
Allowab's penshock headloss fackor
Fpe diameier
Average pipebal fickness
[istance to bomop p1s
ransmissin i
Lengin
[ifticuly of tefr -

A
m
[

e
o
s
pensiock
mm

Al

im

ko 5

101261

10k toa 0%




Cost Adjustment Amourt

Inifial Casts {Formula Method Factor ~ (localcumency)  Relative Costs
E35 00Ty Shuay ; 304,000 11%
Deuelopment ; 20,000 13h

Land rghts |

Development Suo-atal; § 325,000 6%
Znesmy] I 1) S I 331000 33%
ZNErgy Equipment 1 #11) 052,000 18.8%
Balance of Flant
Avzess mad 5 108000 1 |S 1,086,000 0.7%
Transmission g s 207000 1 217,000 3%
SUbstation and transformer s 175000 13 {75,000 1.1%
Pensioc TN 111 1 O B 1,831,000 11.3%
Cana ; S I 1 1 . 00%
Tunnel ; o I /I 0%
Gl works (other] 5 6.328000 100 3 ;
Balance of Plant Sub-fotal 5 0645,000 § 9,043,000 .55
Misgelaper 2015 100 } 015,000 124%
GHG baselnestugyand WP { Cogt | ; : i
GHG validaton and regsiration | Cost |3 ; . Ik

Misce"aneous Subdofal
Inifial Costs - Total {Formula Method] 5 16.282.000 § 16,262 000 100.0%




. SMALL MODEL
CONCLU! Y] RetScreen

Condensed
costs; alternati

lon of project
2thod can be

»

O both energy
|lent for pre-
nydre projects.

oroduction and ¢
feasibility stag
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Agueduct

Channel
Forebay tank

Intake weir

Penstock

Hydro-powered

Power house workshop

containing turbine



Project Information

ProjectName
SSSSSSS

Quantity of Turbines
2

Net head H(m)
16,82

Discharge per Unit
Q (m3/s)
4,88

Power Output per
Unit P (MW)
0.73

Frequency (Hz)
50
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MINI-AQUA : FHS table of selection
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MINI-AQUA : FHS table of speeds [50 Hz)
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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 P 1.2(
Draft tube length G 5.6(
QOutlet submergence H Min O.
Outlet diameter i 2.0(
Outlet altitude J J=1* (1-
wULIeL aitiuue J J=1 " (1-

Inlet valve length Vv 1.1
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Renewable Energy Sources Technology, Economics and Policy Curriculum

Technology-Source Combination module
Biomass: wood chips, pellets, forest residues, animal waste
N

Production of energy out of
biomass

o o
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PELLETS

»Wood pellets are a densified biomass fuel
made exclusively out of wood.

N

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

Key physical and chemical characteristics and its impacts:

» Water contents: storability, calorific value, losses

» Calorific value: fuel utilisation, plant design

» Ash content: particle emissions, costs for use or disposal of ash
» Bulk density: transport & logistical planning

» Share of dust: usage

> N content: NOx, HCN and N20 emissions

During pelletisation changes:
» phisical characteristics,

» water contents and its distribution.

o o
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|
PELLET PRODUCTION

The manufacture of wood pellets involves the
following processes:

1. Grinding

2. Drying -

3. Pelletizing

4. Cooling

5. Separation of fine particles

6. Bagging

o o

P Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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|
QUALITY STANDARDS

il e
n EUROPE fuel quality standards already exists in:

» Austria (ONORM M 7135);,
»Sweden (SS 187120);
»Germany, (DIN 51731). =

European standard for biomass fuel is in preparation
by European Committee for Standardization

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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EXCEPTS FROM STANDARD

AUSTRIA GERMANY
ONORM M 7135 DIN 51731
Unit denisty >=1,0kg/dm3 1-1,4 kg/dm3
Water content <=12% <=12%
Ash content <=0,5% <=1,5%

(rel. to dry matter)

Lower calorific value

>= 18 MJ/kg (rel to dry

17,5-19,5 MJ/kg (water

N

matter) and ash free)
N <=0,3% <=0,3%
CL < 0,02% <=0,03%
Impurities Only from
uncontaminated wood
Binding agents Forbidden

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




UIRTUAL Bl KAaN FPOUWER CENTRE

ENERGY STATISTICS

/™

I_,f"
Solid fuel production (wood pellets)

» Canada 3,6 PJ
> Denmark 2,2 PJ
> Finland 1,8 PJ

[ |

Present use of woodfuel in WB countries
> Albania ORCHEN

» Bosnia and Herzegovina 0,5PJ

» Croatia 0,9 PJ

» Republic Macedonia 0,5 PJ
o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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WOOD FUEL USE AND TRADE—"

b

»In Europe 23% of wood removals is used for
energy purposes in 2002.

» Share of fuel wood in total energy supply
— Europe - 1,2%. T
— Sweden and Finland - 12-18%

— Worldwide 5% of total primary energy supply and
34,8% of total renewable sources supply

o o

P Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Pellet boilers and stoves

o . :
» Pellets are used In special pellets

boilers and stoves:

— combustion is of high quality,

— environmental emissions are low,
— fuel charging is fully automatic,

— ash removal is easy,

— technical complexity and investment
costs are lower in comparison with
woodchip bollers.

N

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




by truck-tank
in small 15 kg bag:s
in bigbags (calt

Sixth Framework Programme, Sixth Framework F
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STORAGE

e In volume 3 times the
volume of fuel oil storage

o Pellets conveyor
e Fines/dust proof

e Various solutions

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Wood pellet heating

I_,f"
Single familly house: Zalogovnik za gorivo Kotel na pelete

e storage _ A iy O . 1
e water based central : :
heating system

e Bulk material delivery in
tanker and pneumatic
filling of storage

N

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

T B
" > Small to medium scale district heating

» Micro networks

» Central heating for individual houses

~ [>Central heating for single family houses
: > Stoves and fireplaces

» Possibility of combined heat and power

X p,

P Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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HEATING SYSTEMS CHARACTERSI
i N\
» Better technologies achieve efficiency over 90%,
» Electric ignition which enables automation,

» Capacity control systems to modulate output (100% to 20%),

» Small machines are tipically with manual de-ash as
standard.

» A lambda oxigen monitoring sensor in the exhaust gas flue to
modify the combustion profile of the machine.

> Technical solutions remain similar and In some cases
universal at different manufacturers.

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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ECONOMIC ASPECTS OF HO |

i HEATING WITH PELLETS -
» Investment costs (capital costs)

—approx 7500 EUR for 15 kW boiller
— approx 4000 EUR for 15 kW stove
» Labour costs -
— near zero for domestic heating
» Maintenance costs
— low, but higher than with gas oro oil boilers

» Pellets costs:
= approx 120 EUR/t; 25 EUR/MWh .

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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COMPARISSON OF HEATING COS

Y
o
|

0 Fuel costs
[EUR c/kWh]

m Total heating
costs
[EUR c/kWh]

9 -
8 -
7 -
6 -
5 -
4
3 -
2
1 -
0

Pellets Fuel oil

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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MAIN ENVIRONMENTAL |

i CHARACTERISTICS -
» CO2 neutral (zero CO2 emissions)

Carbon dioxide (COZ2) which was absorbed from the air while
the plant was growing, is released back into the air when the
fuel is burned.

» Waste: low quanities of ash (0,5-0,75% ).
A way for ash disposal is needed. Ashes might have
high heavy metal contents.

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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COMPARISON OF EMISSION |

IN FLUE GASES

A e
CO NOXx Particles
mg/m3 | mg/m3 (dust)
Boiler with 240 m 150 mgm3
lambda control
NogowRRboiler | 154 131 49
(wood chips)
Pellet boiler 97 114 16
N L

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Opportunities for the Western Balkans

i i
» usage of pellets:

— heating

— combined heat and power production

— other? T

» pellet production
» production of boilers and stoves

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Yugo run by biomass

:
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i ke
Wood pellet fired Micro CHP

Istrabenz energetski sistemi
Borut Del Fabbro

x A\ >

&% Sixth Framework Programme, DG Research, International Cooperation
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Why a micro CHP?

/™

b

»Own source of electricity
— in case of electricity insuficiency

> Better energy efficiency of the whole
system

» Better energy supply in isolated areas
» Environmental impact

N

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



UTRTUAL Bal kAN POWER CENTRE /h

Basic description —
i ke
> micro < 100 kW

»wood pellet boiler equipped with a stirling
engine

> stirling engine
— external combustion
— any thermal source can be used

» beginnings/efforts of comercialisation
s o

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

Energy flow

~

:I; electricity
U ca. 6%
™
16 kW, 100C °Cl2 kw, 754
" cq oC heat
74-85%

pellets - HEATING
11,8 kW

e T4 Pr

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Advantages of pellets
i =
» biomass

— environmentally friendly

» standardized product
— low water content — high burning tempertaures
— lower storage costs
— automatic manipulation, comfort(feeding, ignition etc.)

> local sources
> low price and price stability

— 150 — 220 €/t
9 0,03 — 0,05 €/kWh

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Boller selection
a =
» possibility of fitting the stirling engine
» high temperature of the flue gases =
efficiency of stirling engine (n=1-T, /T,)
—can be as high as 1.100 °C
— in small boilers usually between 800 and 950°C

— high T is achiveable with pellets

— not easiliy with other biomass —water content
IS problematic

= -

P Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Electricity generation in isolated syste
i =
» CHP operation modes:

— Thermal load following
e requires electricity storage or grid connection

— Electrical load following
e requires heat storage
e additional regulation

— Cost minimisation/revenue maximisation
e keep it simple

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Picture courtesy of ENERGI
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Stirling engine mounting (

. M FV 50= 2300 |
a5 FV130=2450

P Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Stirling engine mounting (2

-

gy

P Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Energy balance
i e

»Example:

— large familiy house:

e 16 kW primary heat power installed

e 37.000 kWh heat / year
— radiator heating 1000-1500 full operating hours / year

— floor heating 2000-2500 full operating hours / year
— 1 kW of electric power installed as a stirling
engine

e 2.200 kWh electricity / year
- =

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Economics
& .
» Investment costs

— stirling engine with all instalations necesary:
2000 €

» Maintenance costs
— 100 € per year

» Electricity generation
— 2,2 MWh per year
S o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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i Full costs analysis -

per generated kWh el.

capital costs (5% pa, 15 years
manteinance costs

fuel costs

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



UIRTUAL Bl KAaN POUER CENTRE

Electricity price

per kWh

breakeven price of el.

feed in tariffs

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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Wood chip fired ORC-plant for CHP-
production f_or rural village

Dimityr Angelov Popov

Faculty of Power Engineering and Power Machines,

Technical University of Sofia, Bulgaria
S % g .

&% Sixth Framework Programme, DG Research, International Cooperation
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energy source largely available in
West Balkan Countries

~ It Is possible nowadays electricity to be generated
from biomass (bark, industrial wood chips and forest
wood chips)

- Steam turbine Rankine cycle — feasible for large
plants (above 5000 KW)

> ORC Is emerging and feasible technology for
capacity range 400 — 1500 KW;

> Over 339 demonstration and commercial projects in

M@Witzerland L

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




UTRTUAL Bal kAN POWER CENTRE /h

ORC - thermodynamic background
i E
» A Rankine cycle is usually known as a closed circuit
steam turbine (water vapour) cycle,

» An "organic" Rankine cycle uses a heated chemical
Instead of steam;

» Chemicals used in the ORC include pentane or
silicone oll.

» No danger of droplet erosion on turbine blades due to
the favorable thermodynamic properties of the silicon
oil

» The first ORC plants have been used to convert solar
and geothermal heat into electricity almost fifty years

\ ago _,/

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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The best reference case -

ORC process in Lienz, Austria - sketch

Turizine

Thermal oil cycle
Generator
(directly coupled)

Thermal oil

Combustion Flue gas |

air pre-heater .
Economiser

Combustion
air

N
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ORC unit in wood processing plant — STIA, Admont

30oeC
thermnal il
250C

N

diagram

SConNOMmIZEr and
condensation unit

space hesating
Benediciime
monastery

space heating
STIA

~

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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ORC process — whole module fixe
caontainer — delivery stage in STIA-Admont
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ORC process — technical description
G = i ; : ; ™~
Utilization of an organic working medium instead of water
» Organic Rankine Cycle (ORC)

The necessary energy is transferred from the biomass boiler
to

» the evaporator of the ORC by a thermo-oil cycle under
» atmospheric conditions ™

no pressurized boiler necessary, which decreases personal
costs,

no water treatment necessary

An ORC process especially adapted for biomass CHP plants
was developed in Italy (working medium: silicon oil)

The implementation of ORC modules in existing biomass
» combustion plants is relatively easy .

N

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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ORC process — ecological aspects

~

l_,f"
» ORC plants are relatively silent (the highest noise
emissions occur at the encapsulated generator and
amount to 75 dBA in a distance of 1 m)

» Silicon oil is not toxic, not depleting the ozone layer,
not explosive but is flammable with a flame point of
34°C

» The ORC cycle is completely closed (no losses of the
working medium occur)

» The thermo-oil cycle demands higher security
measures regarding leakage than water or steam
cycles

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Technical data — ORC process, STIA-Admont

Thermal Power Input (Thermooil)
Heating medium

Inlet temperature (at nominal load)
Outlet temperature (at nominal load)

2,250 kW
Thermooil
300°C
250°C

Working medium

Silikon o1l

Thermal Output (condenser)
Cooling medium

Inlet temperature (at nominal load)
Outlet temperature (at nominal load)

1,800 kW
Water
60°C
80°C

Net electric power (at nominal load)
Electric efficiency (at nomunal load)

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

400 kW
17.7%
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ORC plant in Admont - appropriate reference cas€—————»
for application in isolated region
9 E
» The ORC plant Admont shows an excellent partial load
behavior and is equipped with an automatic process

control system
» The guiding value for heat controlled operation is the feed
»  temperature of the water cycle at the condenser
» The operation of the ORC plant is fully automatic,

> no additional personal is required (just some man
hours per week for regular checks)

» The ORC plant can be coupled to the electric grid within 5
> minutes (after having passed all security checks)

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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Electric efficiency vs. Gross electric power —

process Admont/Austria
il i

=
o
=
Bl
'E
T
-
g
&

gross electricity production at generator [KW]
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ORC process-technological evaluation

“» Advantages b
» Excellent partial load behavior

» Mature technology

» Atmospherically operated boiler reduces personal costs

» High degree of automation

» Low maintenance costs

» Weak points

» Relatively high investment costs (single supplier yet)

» Low experiences of biomass based ORC plants available
\> Thermo-oil cycle necessary J

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
Contract: INCO-CT-2004-509205
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ORC plants installed in rural areas

Country ORC units in ORC units Total number
operation under of ORC units
construction

Austria

Germany

Total number
of ORC units

Total ORC 5170 KW, 5100 KW, 10270 KW,
plants capacity

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

- Power plants based on Organic Rankine Cycle are very
promising solution for biomass co-generation in woody
and agriculture remote areas.

 The advantages of this technology in terms of high
availability, low maintenance costs, completely
automatic and unmanned operation and high electric
efficiency have been confirmed in practice.

« Typical applications are co-generative district heating
systems and co-generation in wood manufacturing
iIndustries, where this technology is experiencing the
fast growing number of installations

o o

Sixth Framework Programme, Sixth Framework Programme, DG Research, International Cooperation
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i k-

Absorption cooling system based
on the wood waste

Suad HalilCevic, lzudin Kapetanovic,
Mirsad Dzonlagic, Vlado Madzarevic

University of Tuzla
Faculty of Electrical Engineering

o o
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Basic information on wood was

» Biomass is organic material which has stored
sunlight in the form of chemical energy.
Biomass fuels include:

» wood, -
» straw,

» manure,

» sugar cane, and

»- many other byproducts from a variety of
agricultural processes.

~

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

I_,f"
» In the past, wood was the primary fuel for heating and
cooking,

» In homes and businesses, and was used for steam in
Industries, trains, and boats.

N
» 1900 ethanol as a product of biomass fermentation was
competing with gasoline to be the fuel for cars. 1984 the
Burlington Electric in Vermont, USA, built a 50-MW wood-fired

plant with electricity production as the primary purpose.

» In USA, due to 1990, the electricity generating capacity from
biomass (not including municipal solid waste) reached 6 GW.

o o
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Europe and RES ‘

r,f"

» Because of the basic energy situation in Europe and\\H
owing to climatic change, the European countries
lunched a new energy strategy in which the RES has

the important place.

» The Europian Commission target is 12% of total
energy consumpted in 2010 to be satisfied from
RES.

» About 16 GW is proposed in EU of biomass energy
based facilities to be on in energy network by the
2050.

o o
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Basic information on wood w

» Biomass can be converted into energy by o
simple combustion, by co-firing with other
fuels or through some intermediate process
such as gasification (anaerobic digestion to
produce methane or fermentation to produce

ethanol is suited only for non lignocellulosic
materials).

» The energy produced can be electricity, heat
or both (combined heat and power, or CHP).

x v
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Basic information on wood w
i e
» The advantage of utilising heat as well as or instead

of electricity is the marked improvement of
conversion efficiency — electrical generation has a

typical efficiency of around 30%, but if heat is used
efficiencies can rise to more than 85%.

» The main driving factor, which influences the wood-
based biomass using, is the k\Wh price of electricity
and MJ of distributed heat in the market.

o o
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Table 2: The costs of electricity production for some of the en
sources (eurocents/kWh)

- —
Source Cost of production Extern cost
(political-
economical costs)
Coal 2,9-3 0,9-12,5
Gas 2253 0,9-3,7
Nuclear 3-5,75 0,18-0,55
Good wind 5,5 0,045-0,24
Optimal wind 3,75 0,045-0,24
Wood waste 3 0,08
= =
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i —

Technology Size euro/kW installed
Biomass heating > 1 MWith 105
Biomass heating > 300 kWth (10
Biomass heating < 300 kWth 300
Gas fired combined 150 MWe i 600
cycle of gas and steam
turbine
Gas fired combined 750 kW - 1 MW 900 - 1050
heat and power - CHP
Pulverized Coal Power 600 MWe 1500
Steam turbine Biomass 5 MWe - 40 MWe 2100 - 2700
Power
\Biomass power 5 MWe — 40 MWe 2700 /
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Biomass using ‘
4 e

» The simplest way to use biomass as an energy source is heat
generation.

» Typically up to 90% of the Net Caloric Value of the fuel can be
recovered as heat.

» Most of the non-combustible part of the fuel as primarily
minerals, leaves the combustion chamber as bottom ash.
Finer particles are conveyed out of the combustor and
removed in the gas cleaning stage as fly ash.

» Heat-only applications for biomass are constrained to
locations where biomass fuel is available and a market for the
heat exists, such as we proposed here in this report.

o o

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




UTRTUAL Bal kAN POWER CENTRE lh

Number of examples of success
biomass applying world-wide

» Wood from forest management seems to be a particularly

suitable fuel for heat and cool fluid producing plants.
N

» For example, a 460-kW boiler (small-scale wood fuelled
heat facility) supply by heat 55 houses in Scotland. That
boiler uses wood chips and by-product from a nearby
sawmills.

o o
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Number of examples of successful biomass
applying world-wide b

b

» In Northern Ireland one company has 4 sawmills and 2
pallet factories. It produces 50.000 tonnes of pellets per
year.

» This company uses surplus of sawdust and woodchip
from the mills to fire a 15- MW boiler to produce 2,7 MW
of electricity and heat to dry further wood and heat the
entire facilty.

o o
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Number of examples of successful

1 biomass applying world-wide o

» In UK the Forestry Commission has calculated that about
3,1 million tonnes of dried wood-derived fuel could
currently be available.

» This includes forestry materials, sawmill co-product,
municipal arisings and energy crops (without straw). This
IS equivalent to 440 MW of electricity.

» The same amount of fuel could also produce 1400 MW of
heat (assuming 85% total efficiency).

o o
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Situation in Bosnia and Herzegovina
r,f"
» Although there are no reliable statistical data for Bosnia .
and Herzegovina, it is possible to mention certain

estimates.

» For instance, based on the data of the international
Institutions, there are approximately 2.273,000 hectares
of forest region in BiH, with app 110ms3/ha.

» The data is presented in the FAO (Food and Agriculture
Organization of the United Nations) report, Forestry
Department from July 2003.

o o
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Situation in B&H

» Owing to rich source of wood raw materials a thriving wood-
processing industry has developed, with leading
representation of the basic phase of wood processing (sawn
wood, veneer and boards, parquet, soft-wood flooring strips,
paneling and similar).

» The centres of the development of the wood-industry of the
Tuzla Canton are the following companies: »Sipad-Konjuh«
Zivinice and former »Sokolina« (»Drinjaéa« and»Stari¢«
Kladanj).

o o
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Situation in B&H
A e

» »Konjuh« has the most developed production process,

Including all stages from block-processing to finishing

phase, with capacity of 50.000m? round-wood per year.
N

» There are other about 30 minor wood-processing
companies in the Canton area, among which there are 22
sawmills.

o o
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Situation in B&H
A B

» Today, total timber mass of the Tuzla Canton is
approximately 18.6 million ms.

> In 1998 the total of 67.000m?3 of timber mass was
processed.

» 12% of the entire wood production accounts for industrial
wood and the entire mass of the industrial wood is used
for the production of wood for mechanical processing.

o o
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Situation in B&H
A e

» This short review of wood production and its residuals
(wood waste), then its conversion into heat and electricity
have to be integrated so as the investment, efficiency and
public acceptance are to be achieved.

» The introduction of biomass as a renewable energy in the
B&H will not be easy without considerable planning and
certain amount of investment by government and other
financial funds.

o o
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The most appropriate solutio
i E
» One of the most appropriate solution to apply the

biomass as energy source is combining of heat and
power (electricity).

» For generation of electricity and heat, the plant requires a
generator driven either by the combustion gases or by
some other working fluid.

» In any case, the CHP facility requires consistent free-
flowing fuel for automatic operation (sawdust pellets,
willow chips, forestry residue).

N
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Environmental prosperity
A e

» The important aspect of biomass materials as the energy
sources is environmental implication.

» The emission of most concern pollutants is much lower
with respect to plant fuelled with coal, gas or oil.

o o
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ABSORPTION COOLING MACHIN
i E
» Biomass wood chips or pellets combustors can be used

as an equipment to provide requested input energy for
cooling process.

N
» There are two ways for cooling process:

- absorption, and
- compression cooling systems,

o o
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Compression cooling system

Compressor

cold air Condenser
or water
N
‘ Refrigerant
control valve

warm air |8 cold air
or water or water

warm air or
water
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Continuous-cycle Absorption System
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ACS
N

» As a working fluid, the ACS uses ammonia-

water mixture.
[ |

» The good attribute of the working fluid based
on the ammonia-water mixture Is possibility of
the multi-purpose application ranging from air
conditioning to deep freezing.

o o
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ACS
N

» Depending on the temperature of the heated water
produced in biomass boiler, one can apply ACS for

» air conditioning, -

» cooling at -10°C (temperature from biomass boiler should
be amounted to 90°C), and

» deep-freezing at -34°C (temperature from biomass boiler
should be amounted to 120°C).

o o
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N
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PROPOSAL FOR ONE ABSORPTION-COOLING SYS
g DRIVEN BY WOOD WASTE -

» In the northeast part of Bosnia and Herzegovina, there is
a factory for fruit and vegetable processing plant.

» For own needs this factoryg uses a cooler of 300 kW.

» In the neighboring of this factory there is several
sawmills that can provide about 1000 tons of wood-
derived fuel per year.

» That includes, forestry materials, sawmill co-product, and
straw. This Is equivalent to 450 kW of heat (assuming
85% total efficiency).

o o
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Proposal

» This is a sufficient resource to initiate a biomass using
for own needs.

» It is very important that sufficient fuel can be sourced
within a 30-km radius of this factory, which will keep
transport distances to a minimum.

o o
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Proposal

> The factory’s cooler consumes electric power for about h
100.000 euros/year for its operation.

» The investment cost of ACS accounted to 615.000 euros
for refrigeration capacity of 300 kW.

» The investment cost of biomass 300 kW(th) boiler for
annual heat production about 2.500.000 kWh Is amounted
to 50.000 euros.

» The total capital cost of ACS based on wood-waste as
. biomass is amounted to 665.000 euros. o
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Proposal
9 E
» This means are provided by the credit from the bank. We
can calculate the annual repayment of credit by means of
the time value of money method, taking into account the
6% of interest rate over 20 years. This results into annual
Investment cost of 40.000 euros.

» The price of wood-derived fuel is amounted to 25
euros/ton (including transport).

» The biomass fuel cost is amounted to 25.000 euros/year.

o o

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




UTRTUAL Bal kAN POWER CENTRE /h

Proposal

» Therefore, the total operating cost per year for
considered ACS is amounted to 65.000 euros.

» This is about 1,5 time lesser than total annual running
cost for current conventional cooling system based on
vapor compression technique.

o o
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CONCLUSION
d \

» The presented kind of refrigeration technology may not
yet be mass-produced, but it is ready to tackle any large-
scale systems on a project-by-project basis.

N

» Mid-capacity units, in the range of 50 to 100 tons, will be
available in one to two years.

» Small capacity units, maybe 25 tons and smaller, won't
be available for another three years or so.

o o
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CONCLUSION
A e

» There is very limited knowledge of absorption in the
refrigeration community anymore.

» Engineers have to be cognizant of state-of-the-art
absorption technology.

» There are only a few dozen places in the world where that
knowledge currently exists.

o o
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CONCLUSION
i E
» In Bosnia and Herzegovina there are limited wood waste
resources, but it doesn't mean that possibilities to

develop and apply presented technigues and apparatus
don't need to be used.

» However, due to fluctuations of oil and gas prices,
environmental challenges, social reasons, keeping of the
present fosil fuel based resources, the presented
approach to solve cooling (and heating) needs is very
acceptable.

o o
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i k-

Biomass fired Organic Rankine
Cycle (ORC) - Power generation

TU-Sofia, Bulgaria -
contribution to RES Guidelines,
Tuzla

x A\ >

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




UIRTUAL Bl kAN POUWER CENTRE

Biomass fired ORC co-generatl
district heating plant in Lienz .

\ ' oo
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< Biomass is an important renewable energ

largely available in West Balkan Counties
g ke
» It is possible nowadays elecitricity to be generated

from biomass (bark, industrial wood chips and forest
wood chips )

v Steam turbine Rankine cycle — feasible for large
plants (above 5000 KW)

v ORC is emerging and feasible technology for
capacity range 500 — 1500 KW,

v Over 331 demonstration and commercial projects in
Austria, Germany, ltaly and Switzerland
- i
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ORC - thermodynamic backgrou

\\
» A Rankine cycle is usually known as a closed circuit

steam turbine (water vapour) cycle;

» An "organic" Rankine cycle uses a heated chemical
instead of steam;

» Chemicals used in the ORC include pentane or
silicone oill.

» The first ORC plants have been used to convert
solar and geothermal heat into electricity almost fifty
years ago

- =
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The selected working fluid for bio |

ORCinT-sdiagram

Superheated
vapour
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:_, The ORC has several advantages over conventional 'ste
plant technology for small and medium scale biomass fi
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Biomass fired ORC plant basic

b

Turbine
Thermal il cycle

Generator
(directly coupled)

Thermal oil

—— | Regenerator
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air pre-heater .
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ORC process — whole module fixe
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The biomass fired ORC units are

" manufactured only by Turboden i

Turboden s.r.l.,

1 Regenerator 5 Circulation pump 9 Hot water outlet

2 Condenser 6 Pre-heater 10 Thermal ail inlet

3 Turbine 7 Evaporator 11 Thermal oil outlet

4 Eleclric generator 8 Hot water inlet /

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



UITRTUAL Bl KAaN POWER CENTRE

Energy balance of the biomass fired OR

b

combined heat and power plant (Lienz case)
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» Regarding constant thermal oll
feed temperature the biomass-
fired boiler is more difficult to
control;

» a newly developed Fuzzy Logic
control system for biomass CHP
plants has been installed;

» thermal oil boiler operated at
atmospheric conditions no steam
boiler operator is needed and the

steam boilers law is not applied
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/" After several successful
already mature techno

C units in
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ORC units under
construc.
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21500 KW,

e

Total number of
ORC units
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33550 KW,
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ORC demonstration projects
- Austria =

» The first ORC technology demonstration project funded by the European Union
is located in Admont, Austria. This is biomass CHP plant fed by saw dust.The
plant has 450 KW ORC unit. Hot water produced at the ORC condenser is used
for wood drying and for district heating;

» The next demonstration project is a biomass CHP plant based on an ORC cycle
and a newly developed Fuzzy Logic control system - Stadtwarme Lienz. This
plant has 1100 KW ORC unit.. The water heated by the ORC condenser (from
60°C to 80 °C) feeds the Lienz district heating circuit.

» The latest demonstration project is a biomass CHP plant based on an ORC
cycle and absorption chillier for power generation and cooling, fired with 100%
waste wood. This is Austrian national funded project located at BIOSTROM,
Fussach site, Vorarlberg. The plant has the following technical data: Nominal
electric capacity: 1,100 kW; Nominal thermal capacities: 6.2 MW (thermal oil
boiler + thermal oil ECO) +1.0 MW (pressurised hot water economiser) Nominal

chilling capacity - absorption chiller: 2.4 MW, Start of operation: 2002.

o o
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Biomass CHP plant with absorpti

i chiller Fussach

— in front of waste wood
treatment facility with
integrated Fe and non Fe
metal separation

N
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The ORC plant in Fussach has s
important innovations like:
e ™~

» Waste wood treatment with metal and non-metal
separation;

» Low-NOx waste wood furnace with CFD optimised
geometry;

» Thermal oil boiler with separate radiative and
convective sections and an automatic cleaning
system,;

» Highly efficient fibrous filter with integrated dry
sorption;

» Production of electricity from waste wood;

- =
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Biomass fired ORC Plant
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Economic aspects ~

Electricity production cost (Lienz
case)

The capital costs are based on
additional investment costs, and
consider only surplus investment
costs of ORC plant in comparison
to a conventional biomass fired
plant with a hot water boiler and
the same thermal output

The average fuel price is set at 15
Euro/MWh.:

The capacity utilization of the
ORC plant is set at 5000 h/a;
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costs versus capacity utilisation factor
(full-load operating hours) (Lienz case)
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Specific power generation costs versus

| biomass fuel costs (Lienz case
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Environmental aspects ‘

~

2

The ORC cycle does not cause any solid, liquid or gaseous
emissions, since it is completely closed;

» Silicone oil is not toxic not depleting the ozone layer, not explosive
but is flammable

» The combustion of biomass fuels (bark, wood chips and saw dust)
implies the production of residues, the ashes

» The mixture of bottom ash and cyclone ash representing about
90% of the total ash produced, can be defined as usable ash,
because the mixture of these two ash fractions have got very low;

» the usable ash from biomass fired ORC-power generation plants
can be used as a soil amending and fertilising agent for
agriculture and forest soils as well as for compost production.

o o
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Conclusions- biomass fired ORC powe

/™

~~generation plants are now entering the market

Advantages

Excellent partial load behavior

Mature technology

Atmospherically operated boiler reduces personal costs
High degree of automation -

Low maintenance costs

NN XX KXYV

Weak points

Relatively high investment costs (single manufacturer)
Low experiences of biomass based ORC plants available
Thermo-oil cycle necessary

N NNV

-
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SUSTAINABLE ENERGY

We divide it into two major groups:
* Energy efficiency, and

 Renewable energy



ENERGY EFFICIENCY
encompasses

Demand-side management,
Integrated resource planning,

Generation, transmission, and distribution
efficiency,

End-use efficiency



RENEWABLE ENERGY includes

Solar power,

Biomass power

Wind power,
Hydro-electric generation,
Goethermal power,

Fuel cell,

Hydrogen

Tides



SUN

The sun is made of gas and has no solid
surface as Earth does. However, it still has
a defined structure. The three major
surface areas of the sun are shown in the
upper half of the next figure:

Core
Radiative Zone
Convective Zone



SUN

 The sun is a star, just like the other stars we see
at night. The difference is distance -- the other
stars we see are light years away, while our sun
IS only about 8 light minutes away (many
thousands of times closer).

 Officially, the sun is classified as a G2 type star
based on its temperature and the wavelengths
or spectrum of light that it emits. The sun is an
"average" star, merely one of billions of stars
that orbit the center of our galaxy.



SUN

* The sun has "burned” for more than 4.5 billion
years and will continue to do so for several
billion more. It is a massive collection of gas,
mostly hydrogen and helium. Because it is so
massive, it has immense gravity, enough
gravitational force to hold all of hydrogen and
helium together (and to hold all of the planets in
their orbits around the sun!).

* The sun does not "burn” like wood burns.
Instead the sun is a gigantic nuclear reactor






SUN

Above the surface of the sun is its
atmosphere, which consists of three parts
as shown in the lower half of the previous
figure:

Photosphere
Chromosphere

Corona - extremely hot outermost layer
extending outward from the chromosphere
several million kilometers



SUN

 All of the major features of the sun can be
explained by the nuclear reactions that
make its energy, the magnetic fields that
are caused by the movements of the gas,
and the immense gravity.



Sun Facts

Average distance from Earth = 150 million km
Radius = 696.000 km
Mass = 1.99 x 1030 kg (330.000 Earth masses)

Makeup (by mass) = 74 percent hydrogen, 25 percent
helium, 1 percent other elements

Average temperature = 5,800 degrees Kelvin (surface),
15.5 million degrees Kelvin (core)

Average density = 1.41 grams per cm3

Rotational period = 25 days (center) to 35 days (poles)



Sun Facts

 Magnitude =-26.8 (apparent), +4.8 (absolute) Apparent
magnitude refers to a star's brightness in the sky from
our vantage point on Earth. Absolute magnitude is the
star's true brightness if all of the stars were the same
dristance from Earth. The lower the number, the brighter
the star.

« Distance from center of Milky Way = 25,000 light-
years

* Orbital speed and period = 230 kilometers per second
and 200 million years
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Reactions on Sun

The core starts from the center and extends to 25
percent of the sun's radius. Here, gravity pulls all of the
mass inward and creates an intense pressure. The
pressure is high enough to force atoms of hydrogen to
come together in nuclear fusion reactions. Two atoms of
hydrogen are combined to create helium-4 and energy in
several steps:

Two protons combine to form a deuterium (hydrogen
atom with one neutron), a positron (similar to electron,
but with a positive charge) and a neutrino

A proton and a deuterium atom combine to form a
helium-3 atom (two protons with one neutron) and a
gamma ray.

Two helium-3 atoms combine to form a helium-4 (two
protons and two neutrons) and two protons.



Reactions on Sun

These reactions account for 85 percent of the sun's
energy. The remaining 15 percent comes from the
following reactions:

A helium-3 and a helium-4 combine to form a beryllium-7
(four protons and three neutrons) and a gamma ray.

A beryllium-7 captures an electron to become lithium-7
(three protons and four neutrons) and a neutrino.

The lithium-7 combines with a proton to form two helium-
4 atoms.



Reactions on Sun

The helium-4 atoms are less massive than the two
hydrogen atoms that started the process, so the
difference in mass was converted to energy as described
by Einstein's theory of relativity (E=mc2). The energy is
emitted in various forms of light:

ultraviolet light,
X-rays,

visible light,
infrared,
Microwaves, and
radio waves).



Reactions on Sun

* The sun also emits energized particles
(neutrinos, protons) that make up the
solar wind. This energy strikes Earth,
where it warms the planet, drives our
weather and provides energy for life. We
are not harmed by most of the radiation or
solar wind because the Earth's
atmosphere protects us.



How much we get from the Sun

* On a bright, sunny day, the sun shines
approximately 1,000 watts of energy per
square meter of the planet's surface, and if
we could collect all of that energy we could
easily power our homes and offices for

free.



PHOTOVOLTAICS

Photovoltaics, as the word implies (photo
= light, voltaic = electricity), convert
sunlight directly into electricity. Once used
almost exclusively in space, photovoltaics
are used more and more in less exotic
ways. They could even power your house.

How do these devices work?



Photovoltaics

* Providing power for villages in developing countries is a
fast-growing market for photovoltaics. The United
Nations estimates that more than 2 million villages
worldwide are without electric power for water supply,
refrigeration, lighting, and other basic needs, and the
cost of extending the utility grids is prohibitive, $23,000
to $46,000 per kilometer in 2000.

« A one kilowatt PV system™ each month:
— prevents 150 Ibs. of coal from being mined

— prevents 300 Ibs. of CO2 from entering the
atmosphere
— keeps 105 gallons of water from being consumed

— keeps NO and SO2 from being released into the
environment

* *in Bosnia and Herzegovina, or an equivalent system
that produces 150 kWh per month



Solar panels absorb energy to produce hydrogen at
SunLine Transit Agency.




PHOTOVOLTAICS

* Photovoltaic (PV) cells are made of special materials
called semiconductors such as silicon, which is
currently the most commonly used. Basically, when light
strikes the cell, a certain portion of it is absorbed within
the semiconductor material. This means that the energy
of the absorbed light is transferred to the semiconductor.

* The energy knocks electrons loose, allowing them to
flow freely. PV cells also all have one or more electric
fields that act to force electrons freed by light absorption
to flow in a certain direction. This flow of electrons is a
current, and by placing metal contacts on the top and
bottom of the PV cell, we can draw that current off to use
externally.

« This current, together with the cell's voltage (which is a
result of its built-in electric field or fields), defines the
power (or wattage) that the solar cell can produce.



Silicon

« Silicon has some special chemical properties, especially
in its crystalline form. An atom of silicon has 14
electrons, arranged in three different shells.

* The first two shells, those closest to the center, are
completely full. The outer shell, however, is onIy half full,
having only four electrons. A silicon atom will always
look for ways to fill up its last shell (which would like to
have eight electrons).

* To do this, it will share electrons with four of its neighbor
silicon atoms. It's like every atom holds hands with its
neighbors, except that in this case, each atom has four
hands joined to four neighbors. That's what forms the
crystalline structure, and that structure turns out to be
important to this type of PV cell.



Silicon

* We've now described pure, crystalline
silicon. Pure silicon is a poor conductor of
electricity because none of its electrons
are free to move about, as electrons are in
good conductors such as copper. Instead,
the electrons are all locked in the
crystalline structure. The silicon in a solar
cell is modified slightly so that it will work
as a solar cell.



Silicon in Solar Cells

« A solar cell has silicon with impurities -- other atoms
mixed in with the silicon atoms, changing the way things
work a bit. We usually think of impurities as something
undesirable, but in our case, our cell wouldn't work
without them.

 These impurities are actually put there on purpose.
Consider silicon with an atom of phosphorous here and
there, maybe one for every million silicon atoms.
Phosphorous has five electrons in its outer shell, not
four. It still bonds with its silicon neighbor atoms, but in a
sense, the phosphorous has one electron that doesn't
have anyone to hold hands with. It doesn't form part of a
bond, but there is a positive proton in the phosphorous
nucleus holding it in place.



Silicon in Solar Cells

* |In to pure silicon we drop the impurities —
for example phosphorous

* |[tis doping, to get more free electrons,
more free carriers

* when doped with phosphorous, the
resulting silicon is called N-type ("n" for
negative) because of the prevalence of
free electrons. N-type doped silicon is a
much better conductor than pure silicon is.



Silicon in Solar Cells

 Actually, only part of our solar cell is N-type.

* The other part is doped with boron, which has
only three electrons in its outer shell instead of
four, to become P-type silicon.

* |Instead of having free electrons, P-type silicon
("p" for positive) has free holes. Holes really are
just the absence of electrons, so they carry the

opposite (positive) charge. They move around
just like electrons do.



N-type Plus P-type Silicon

* The interesting part starts when you put N-
type silicon together with P-type silicon.

» Every PV cell has at least one electric
field, and this field forms when the N-type
and P-type silicon are in contact.

 The free electrons in the N side, which
have been looking all over for holes to fall
Into, see all the free holes on the P side,
and there's a mad rush to fill them in.



N-type Plus P-type Silicon

* This electric field acts as a diode, allowing
(and even pushing) electrons to flow from
the P side to the N side, but not the other
way around. It's like a hill -- electrons can
easily go down the hill (to the N side), but
can't climb it (to the P side).






When Light Hits the Cell

« When light, in the form of photons, hits our solar cell, its
energy frees electron-hole pairs.

« Each photon with enough energy will normally free
exactly one electron, and result in a free hole as well. If
this happens close enough to the electric field, or if free
electron and free hole happen to wander into its range of
influence, the field will send the electron to the N side
and the hole to the P side. This causes further disruption
of electrical neutrality, and if we provide an external
current path, electrons will flow through the path to their
original side (the P side) to unite with holes that the
electric field sent there, doing work for us along the way.



When Light Hits the Cell

* The electron flow provides the current,
and the cell's electric field causes a
voltage. With both current and voltage, we
have power, which is the product of the
two.



When Light Hits the Cell

Photons B ——




How much sunlight energy does
our PV cell absorb?

» Unfortunately, the most that our simple cell
could absorb is around 25 percent, and
more likely is 15 percent or less.



Energy Loss

* Visible light is only part of the
electromagnetic spectrum.
Electromagnetic radiation is not
monochromatic -- it is made up of a range
of different wavelengths, and therefore
energy levels.



Energy Loss

* Light can be separated into different
wavelengths, and we can see them in the form
of a rainbow. Since the light that hits our cell has
photons of a wide range of energies, it turns out
that some of them won't have enough energy to
form an electron-hole pair. They'll simply pass
through the cell as if it were transparent. Still
other photons have too much energy. Only a
certain amount of energy, measured in electron
volts (eV) and defined by our cell material (about
1.1 eV for crystalline silicon), is required to
knock an electron loose.




Energy Loss

* We call this the band gap energy of a
material. If a photon has more energy than
the required amount, then the extra energy
Is lost (unless a photon has twice the
required energy, and can create more than
one electron-hole pair, but this effect is not
significant). These two effects alone
account for the loss of around 70 percent
of the radiation energy incident on our cell.



Energy Loss

 Why can't we choose a material with a really low
band gap, so we can use more of the photons?
Unfortunately, our band gap also determines the
strength (voltage) of our electric field, and if it's
too low, then what we make up in extra current
(by absorbing more photons), we lose by having
a small voltage. Remember that power is voltage
times current. The optimal band gap, balancing
these two effects, is around 1.4 eV for a cell
made from a single material.



Energy Loss

 We have other losses as well. Our electrons have to flow
from one side of the cell to the other through an external
circuit. We can cover the bottom with a metal, allowing
for good conduction, but if we completely cover the top,
then photons can't get through the opaque conductor
and we lose all of our current (in some cells, transparent
conductors are used on the top surface, but not in all). If
we put our contacts only at the sides of our cell, then the
electrons have to travel an extremely long distance (for
an electron) to reach the contacts. Remember, silicon is
a semiconductor -- it's not nearly as good as a metal for
transporting current.



Energy Loss

* |ts internal resistance (called series resistance)
Is fairly high, and high resistance means high
losses. To minimize these losses, our cell is
covered by a metallic contact grid that shortens
the distance that electrons have to travel while
covering only a small part of the cell surface.
Even so, some photons are blocked by the grid,
which can't be too small or else its own
resistance will be too high.



Finishing the Cell

* There are a few more steps left before we
can really use our cell. Silicon happens to
be a very shiny material, which means that
it is very reflective. Photons that are
reflected can't be used by the cell. For that
reason, an antireflective coating is
applied to the top of the cell to reduce
reflection losses to less than 5 percent.



Finishing the Cell

* The final step is the glass cover plate
that protects the cell from the elements.
PV modules are made by connecting
several cells (usually 36) in series and
parallel to achieve useful levels of voltage
and current, and putting them in a sturdy
frame complete with a glass cover and

positive and negative terminals on the
back.



Finishing the Cell

Sunlight

O Cover glass () N-type SI
O Antireflective coating 0 P-type Si
(® contact grid (@ Back contact



Other materials

 Amorphous silicon, which has no
crystalline structure, is also used, again in
an attempt to reduce production costs.
Other materials used include gallium
arsenide, copper indium diselenide and
cadmium telluride. Since different
materials have different band gaps, they
seem to be "tuned" to different
wavelengths, or photons of different
energies.



Other materials

* One way efficiency has been improved is to use
two or more layers of different materials with
different band gaps. The higher band gap
material is on the surface, absorbing high-
energy photons while allowing lower-energy
photons to be absorbed by the lower band gap
material beneath. This technique can result in
much higher efficiencies. Such cells, called
multi-junction cells, can have more than one
electric field.



Powering a House

Charge DC
Controller Loads
Batteries

*
_




Powering a House

« Throw in the mounting hardware, wiring, junction boxes,
grounding equipment, overcurrent protection, DC and
AC disconnects and other accessories and you have
yourself a system.

» Electrical codes must be followed (there's a section in
the National Electrical Code just for PV), and it's highly
recommended that the installation be done by a licensed
electrician who has experience with PV systems. Once
Installed, a PV system requires very little maintenance
(especially if no batteries are used), and

It will provide electricity cleanly and quietly for 20 years
or more.



Costs

» Currently, an installed PV system will cost
somewhere around 8 euros per peak Watt.



Costs

 Small home, and it is estimated that its
3.6-kW PV system covers about half of the
total electricity needs (this system doesn't
use batteries -- it's connected to the grid).
Even so, at 8 euros per Watt, this installed
system would cost you around 28.000
euros.



Possibilities

« 6.5 cm? of solar cells can generate about 70
milliwatts of electricity, and that it might be able
to do this for about five hours a day on average
(depending on latitude, average rainfall and
other environmental factors).

 An 4,047 mZ?, size solar panel in an hour, can
produce about 440,000 watt-hours of electricity.
In a five-hour day, it can produce 2.2-million
watt-hours, and in a year it can produce about
800-million watt-hours of electricity.



How many solar cells would | need In
order to provide all of the electricity that
my house needs?

« The solar panel contains 4 cells, and each of them can
produce 0.45 volts and 100 milliamps, or 45 milliwatts.
With these solar cells you can generate 45 milliwatts in
6.45 square cm. For the sake of discussion, let's assume
that a panel can generate 70 milliwatts per 6.45 square
cm. To calculate how many square cm of solar panel you
need for a house, you need to know:

« How much power the house consumes on average

* Where the house is located (so you can calculate mean
solar days, average rainfall, etc.). This question is
impossible to answer unless you have a specific location
In mind. We'll assume that on an average day the solar
panels generate their maximum power for 5 hours.



Calculation

* A "typical home" in Europe can use either electricity or
gas to provide heat -- heat for the house, the hot water,
the clothes dryer and the stove/oven. If you were to
power a house with solar electricity, you would certainly
use gas appliances because solar electricity is so
expensive. This means that what you would be powering
with solar electricity are things like the refrigerator, the
lights, the computer, the TV, stereo equipment,
motors in things like furnace fans and the washer,
etc. Let's say that all of those things average out to 600
watts on average. Over the course of 24 hours, you need
600 watts * 24 hours = 14,400 watt-hours per day.



Calculation

* From our calculations and assumptions above,
we know that a solar panel can generate 70
milliwatts per 6.45 square cm * 5 hours = 350
milliwatt hours per day. Therefore you need
about 5.18 meters square. That would cost
around 12.500 euros right now. Then, because
the sun only shines part of the time, you would
need to purchase a battery bank, an inverter,
etc., and that often doubles the cost of the
installation.



Conclusion

* The thing to remember, however, is that
100 watts per hour purchased from the
power grid would only cost about 18
eurocents a day right now, or app. 68
euros a year. That's why you don't see
many solar houses unless they are in very
remote locations. When it only costs about
68 euros a year to purchase power from
the grid, it is hard to justify spending
thousands of dollars on a solar system.



Ways to use the Sun energy

e Passiv

Thousands of years ago, the Anasazi Indians in Colorado
incorporated passive solar design in their cliff dwellings.



This home's passive solar design features direct
gain heating and clerestory windows for

daylighting.
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Heat solar collector (HSC)
The equipment intended to
transform the solar energy In to the
heat energy

* There are three types of the HSC:
a) flat collector,
b) selective collector, and
c) concentric collector.



Flat solar heat collector
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The solar hot water system on this roof in
Sarasota, Florida, can provide 40% to 50% of a

family's hot water needs.




Parabolic concentric collector

~ Absorber
pipe with
, working

Glass pipe

\ Parabolic glass



Collector

Block sheme of the solar

power plant

- Store

Evaporator T

Condenser




Concentric collector (glasses) Pipe

absorber

[ ¥

Store

|Isolated
Y pipe

Evaporator

@

Solar Power Plant with the Distributed Collectors



A 25-kilowatt Dish Stirling System catches
its last rays of light at the end of the day.




Solar Power Plant with the Central Receiver
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There are several ways to store the
solar energy :

* heating (by heating the specifical
materials, and by using the latent heat),

» chemical (reverse chemical reaction),

* thermo-chemical (heat capacity of the
isolated volumes of water and land),

* mechanical (fly weel).



1 Storing by means of the heated
materials

« gustoca (kg/m3),

» specific heat capacity (kJ/kgK),

* volumen heat capacity (J/m3K), and
» conducting (W/mK).

_Q 3
_C-go-AT (m*)

Needed volumen of materials to store the heat Q

V
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2 Energy of Sun stored by means

of the latent heat

0
T(C) T-Q diagram at the process of latent heating
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The total amount of heat Q which is
delivered to some material into well
defined temperature interval :

TA2 TBI
TAl TB

m - material mass (kg),

cl - specific heat capacity of the Cvrstog state of material (kJ/kgK),
c2 - specific heat capacity of the fluid state of material
(kJ/kgK),and

L — specific heat of transition, i.e. the heat necessary to transfer
the stone state of material in to fluid state (kJ/kg).



Appropriate materials for latent
heating

« Parafin, and
* Glauber’s salt (Na,SO,10H,0).

For example:

To store 1 MJ of energy, in to temperature range
of 20 °C, we need 3,1 kg Glauber salt.

For the same process, we need 12 kg of water or
60 kg of stones.



3 The Sun Energy storing by
means of the reverse chemical

reactions
To melt one amount of salt we need the

heat;

To take out the heat stored into the melted
salt we need the process of cooling — in
that way we take the heat out

For these processes the appropriate
materials are sulphur acid - H2S04,
kalium-nitrogen salt - KNO3J, sodium-

nitrogen salt - NaNO3, sodium-sulfpur salt
- Na2504






Past projects have included a 20 kilowatt building integrated
photovoltaic system in Woody Creek, Colorado. The entire roof
of a barn was covered in PV roof shingles.



Energy Facts

« Energy Consumption

Though accounting for only 5 percent of the world's
populatlon Americans consume 26 percent of the
world's energy. (American Almanac)

In 1997, U.S. residents consumed an average of 12,133
kilowatt-hours of electricity each, almost nine times
greater than the average for the rest of the world. (Grist
Magazine)

Worldwide, some 2 billion people are currently without
electricity. (U.S. Department of Energy)

Total U.S. residential energy consumption is projected to
increase 17 percent from 1995 - 2015. (U.S. Energy
Information Administration)



World energy consumption is expected to increase 40%
to 50% by the year 2010, and the global mix of fuels--
renewables (18%), nuclear (4%), and fossil (78%)--is
projected to remain substantially the same as today; thus
global carbon dioxide emissions would also increase
950% to 60%.

Among industrialized and developing countries, Canada
consumes per capita the most energy in the world, the
United Sates ranks second, and Italy consumes the least
among industrialized countries.

Developing countries use 30% of global energy. Rapid
population growth, combined with economic growth, will
rapidly increase that percentage in the next 10 years.

The World Bank estimates that investments of $1 trillion
will be needed in this decade and upwards of $4 trillion
during the next 30 years to meet developing countries’
electricity needs alone.



 America uses about 15 times more energy per person
than does the typical developing country.

* Residential appliances, including heating and cooling
equipment and water heaters, consume 90% of all
energy used in the U.S. residential sector.

« The United States spends about $440 billion annually for
energy. Energy costs U.S. consumers $200 billion and
U.S. manufacturers $100 billion annually.



Global Warming

 Worldwide, 1995 was the warmest year since global
temperatures were first kept in 1856. This supports the
near consensus among climatologists that emissions of
carbon dioxide and other gases are causing global
warming. (Chivilan and Epstein, Boston Globe)

« On average, 16 million tons of carbon dioxide are
emitted into the atmosphere every 24 hours by human
use worldwide. (U.S. Department of Energy)

e Carbon emissions in North America reached 1,760
million metric tons in 1998, a 38 percent increase since
1970. They are expected to grow another 31 percent, to
2,314 million metric tons, by the year 2020.



The United States is the world's largest single emitter of
carbon dioxide, accounting for 23 percent of energy-
related carbon emissions worldwide. (U.S. Department
of Energy)

An average of 23,000 pounds of carbon dioxide are
emitted annually in each American home. (U.S.
Environmental Protection Agency)

The transportation sector consumed 35% of the nation's
energy in 1990; this sector is 97% dependent on
petroleum.

Fossil fuels are depleted at a rate that is 100,000 times
faster than they are formed.



Estimated electrical energy for
100.000 householders equipped
with heat-solar collectors and
photo-voltage panels Is about
2000 GWh

* Reduction of
NO, for 4000
tons and SO,
for 6000 tons
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Introduction

 Natural flows of renewable resources are immense in
comparison with global energy use, this holds both from a
theoretical and technical perspective

 However the level of their future use will primarily depend on
the economic performance of technologies utilizing these
flows

e analysis of renewable energy potentials performs detailed
Investigations in theoretical, physical, technological,
environmental and economic aspects
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Historical development of electricity generation
from RES

Electricity produced by renewable energy sources in the EU-15
countries amounted to 363 TWh in 2002, corresponding to a share of
13.4% of gross electricity consumption. The relevant figures for the
EU-10 are 17.7 TWh and 5.6%, respectively.

Wind energy is the RES-E source with the highest yearly growth

rates of about 38% in electricity production over the last ten years.
Especially in EU-15 countries, wind energy is predominant in recent
portfolios of ‘new’ RES, whilst biomass is prominently represented in
some of the new member states.
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Methodology for the assessment of potentials

Definition of potential terms

Theoretical potential: general physical parameters have to be taken into
account; the upper limit of what can be produced from a certain energy
resource from a theoretical point-of-view, of course, based on current
scientific knowledge;

Technical potential: technical boundary conditions are considered,;
dynamic context

Realizable potential: the maximal achievable potential assuming that all
existing barriers can be overcome and all driving forces are active,
general parameters are taken into account.

Mid-term potential: equal to the realizable potential in the year 2030.

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 =z 4
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More on approaches

In most cases a ‘top-down’ approach seems suitable (e.g. for wind energy,
photovoltaics)

First step: the technical potential for one technology in one country for 2030
has to be derived by determining the total useable energy flow of a
technology

Second step: the midterm potential for the year 2030 is determined by taking
into consideration the technical feasibility, social acceptance, planning
aspects, growth rate of industry / market and market distortions

The additional mid-term potential is determined by the mid-term potential
minus existing penetration plus decommissioning of existing plants.

For a few technologies, a ‘bottom-up’ approach would be the preferable
option (e.g. for geothermal electricity), i.e. by looking at every single site (or
band) where energy production seems possible and by considering various
barriers and drivers in a dynamic context, the additional mid-term potential
is derived. The accumulated value of each single band yields in the
additional potential.

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 —————— 0
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Photovoltaics

-Energy source characterized by a large potential, which can
be realized from a technical point-of-view. The recommended
approach for the assessment of the (additional) realizable
mid-term potential is based on the following categorization of
PV plant:

- PV on roofs (building integrated),
- PV on facades (building integration),
-PV on fields (no building integration).

Economic aspects are the main obstacles to tapping this

potential.
VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 ———ees [
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Annual Solar Energy Potential

Minimum Exajoules Maximum Exajoules
Region
North America 181 7,410
Latin America and 112 3,385
Caribbean
Western Europe 25 914
Central and Eastern 4 154
Europe
Former Soviet Union 199 8,655
Middle East and North 412 11,060
Africa
Sub-Saharan Africa 371 9,528
Pacific Asia 41 994
South Asia 38 1,339
Centrally planned Asia 115 4,135
Pacific OECD 72 2,263
TOTAL 1,575 49,837

Note: The minimum and maximum reflect different assumptions on annual clear sky irradiance, annual average sky clearance, and available land area.

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 = 8
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1. Assessment of the capacity potential:

- building integrated PV [ available area | Utiisation | _, Solar , Conversion
per capita " factor Population irradiance efficiency

L S .

Solar
» Full load- { irradiation

hours Solar
\, 4 yield (%)

hd
- non-building integrated PV EL‘“;:EL‘:F genereten

2. Total primary energy potential = equal to the electricity generation
potential,

3. maximum achievable potential of electricity from PV is limited to 8%
of expected gross electricity consumption in 2020

4. mid-term potential is calculated by subtraction of the already achieved

potential
VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 =————— 0
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Cost abova 2 $kvh

Cost betwesn 1.0 and 2.0 $/EWh
Cost hetwean 0.7 and 1.0 $/wh
Cost betwesn 0,5 and 0.7 $/k'Wh
Cost helow 0.5 £/kvvh

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005
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Wind energy

Important factors include the percentage of land exposed to the wind
resource and land-use and environmental restrictions

amount of potential electricity that can be generated is dependent on
several factors, including the spacing between wind turbines, the
assumed efficiency of the machines, the turbine hub height, and the
estimated energy losses

electricity production from grid-connected wind turbines has been
growing at an impressive rate of about 30 percent per year

gradual growth in the unit size of commercial machines, from 30
kilowatts of generating capacity in the 1970s (rotor diameter 10
meters) to 5 megawatts (110 to 120 meters diameter) and more at
present

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 =————————,— 11



EU-15 - 28,440 MW

EU-25 - 28,542 MW

Other Countries - 164 MW
Total Capacity - 28706 MWW

Netheidands

Porugal

zg'g LII n
6.202

Sowce: FWEA (www.ewea.org)

L]
’m\ EWEA 28,000 MW covers 2.4% of s EU 15 e
B5 TRRAETE B SOGM  riily cossismplion, equivalent (o dhe hewrushold

ebeeiricity nevds of X5 milloas of EU cllbens.
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Wind offshore:

- overall technical potential for offshore wind energy seems to be huge in
parts of Europe, especially in the North Sea

- realizable potentials: keeping in mind important ‘constrain indicators’
like e.g. ‘percentage of wind power on total electricity consumption’,
‘wind power (capacity) potential per capita’

- economic data: Area classes

Wind onshore:

- technical potential for on-shore wind energy is high in various EU countries,
namely France, UK — but several barriers have to be overcome, e.g. public
acceptance, power grid constraints

- realizable potential: wind maps can be applied to the define areas
characterized by certain ‘wind characteristics’

- electricity potential: calculations are based by appliance of a power curve
for acommon on-site turbine in size of 2 MW
VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 =———————————,— 13



VBPC Summer School
Bucharest, Romania

aAhove 0.25 £/kWh
Below 0.23 fkwWh
Below 0,15 b
Below 0.10 Ekvih
Below 0.0 £fwih
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Biomass

*The present biomass contribution to the total world energy needs
approaches 14 % (50 EJ/y on a total contribution of 406 EJ/y) and is
essentially based on agro-forestry residues and natural forest

*An issue of availability but sustainable management, conversion, and
delivery to the market in the form of modern and affordable energy services

* Gaseous Biomass: Biogas, Landfill gas, Sewage gas
» Solid biomass: Forestry products, Agricultural products, residues
* Benefit: storage

» Key technical challenges to be overcome in order for bio based industrial
products to be cost-competitive are finding new technology and reducing the
cost of technology for converting biomass into desired bio based industrial
products

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 =—————————,— 15
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50% (©) 2002 Energie-Atlas GmbH, Switzerland
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Excluded arsas
Cost abowe 2 1G]
Cost helow B /5
o=t belaw + /52
Cost beloyw 2 F/E
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Hydropower

mature technology: small-scale hydropower can expect further technical
development

requires detailed information on the local and geographical factors of runoff
water: available head, flow volume per unit of time

the most important impacts are the displacement of local communities,
changes in fish amount and fish biodiversity, sedimentation, biodiversity
perturbation, water quality standards, human health deterioration, and
downstream impacts

distinguish between the potential for new plant and the potential for
upgrading or refurbishment of existing plant

Large scale vs. small scale hydropower

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 =—————— 18
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Countries Economical Feasible Production from Hydro | Exploitation Ratio (%)
Potential (GWh/a) Plants (GWh/a)
Selected 15 EU Countries of 390.000 320.000 82
which
Austria 50.000 38.000 76
France 72.000 70.000 97
Germany 25.000 25.000 100
Italy 55.000 52.000 95
Spain 40.000 35.000 88
Sweden 85.000 68.000 80
Selected non-EU countries of 480.000 250.000 52
which
Romania 30.000 16.000 53
Switzerland 36.000 34.000 94
Turkey 120.000 40.000 33

Source: IEA, Eurostat, Hydropower & Dams and own interpolation/computations

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005
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Hydropower generation from run-of-river plant

Yearly fluctuation Menthly fluctuation
150%: 150%
—Yearly generation coefficent — 2002

140%% 140% 2003
Max. (1992-2001)

3 9
N 130% = 130% - - === Min. {1862-2001)
é 120% E 120% =™ \ / /
& 110%: I ki 110%
5 100% 5 100% - .
& = .
@ G0% S 90% — .
5 ‘ E . Y _._*V- ‘.'I
D 80% o 80% 1 .
E [=] . . *l- -F'F
= ‘ﬁ o l!-‘_‘-,l' l‘ I
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Annual (left-hand side) and monthly (right-hand side) volatility of electricity generation

from run-of-river hydropower plant in Austria generation from run-of-river hydropower
plant in Austria
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Energy: Total Primary Energy Supply

 Total Primary Energy Supply (TPES) measures the amount of primary
energy demanded in an economy

« Expansion of the European Union added nearly 203 Million tonnes of oil
equivalent (Mtoe) of energy demand.:

Latvia, Lithuania and Estonia added over 17 Mtoe; Czech Republic,
Hungary, Poland, Slovak Republic and Slovenia, added nearly 183 Mtoe;
Cyprus and Malta added over 3 Mtoe.

» The expansion to the European Union “25” raises EU TPES by 13.6%,
from 1,495 Mtoe to over 1,981 Mtoe.

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 = 2]
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mBALU - Demand Baseline mWBAU - Demand Efficiency EIPOLICY - Demand Baseline WPOLICY - Demand Efficiency
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Share of RES primary energy in EU-15 member states in 2020
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Electricity Production by Source

Accession 10 Electricity Production by Sources EU 15 Electricity Production by Source
as0
2500 —
and - ]
200 | 'III I Il | IIIIII
= = 1500 - l I
z z
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80 |
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Comparison of Electricity Generation with

Renewables:
In 2001, Accession 10 electricity In 2001, EU 15 electricity generation
generation with renewables reached with renewables was over 422.3 tWh

nearly 18.5 tWh

*Electricity generation with

*Electricity generation with renewables renewables was 15.9% of total

was 5.5% of total generation generation

* Renewables electricity generation is * Renewables electricity generation is

increasing at 4.4% annually since 1991. increasing at 3.9% annually since
1991

*Only Latvia and Slovenia are currently

over the EU 2010 target of 20% sAustria, Sweden, Luxembourg,
Portugal, Finland, Spain and Italy are
currently over the EU target of 20%

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 =z 24}
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100%
B ACTUAL additional RES-E penetration
(2002 versus 1997)
80% # POTENTIAL additional RES-E penetration
(2002 versus 1997)
B0%

Interim target for 2002 (inear percentual breakdown)
A40%

20%

0%

UK CY CZ EE HU LT MT PL

-20%

~40%

Additional RES-E penetration (2002 versus 1997)
as share of RES-E directive target for 2010 [%]

-60%

RES target achievement at country level: comparison of actual and
potential additional RES-E penetration (2002 versus 1997)
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Conclusions

Renewable energy sources have the potential to make a large contribution to the
sustainable energy future of the European Union. In particular they can help to reach

the environmental goals of the EU - with regard to the commitments under the Kyoto

1I:Droltocol -, increase the security of supply by mitigating the dependence on imported
uels

Increase social welfare by creating new employment opportunities. Finally the
development of renewable energy sources contributes to the goal of the Lisbon
process to reach sustainable economic growth and to improve the competitiveness of
the European Union on a global scale by creating lead markets for innovative
technologies.

The challenge of increasing the share of renewables in each sector of the energy
system has been recognized by the European Union and translated into a
comprehensive regulatory framework.

The existing EU legislation needs to be adopted into national legal and policy
measures of member states following the two main objectives of:

the removal of economic barriers to the development of renewable energy sources by
introducing financial support mechanisms and promotion schemes,

the mitigation of non-economic barriers such as administrative barriers, market
imperfections, technical obstacles and grid restrictions.

VBPC-RES Summer School, Bucharest, Romania, 10-16 October 2005 = 2/
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Introaduciion

~
q)is'rribufed generation (DG):

»>Optimal planning of: locations; and opitimallsizing
»>Optimal operation, coniirol," andimainienance

Relevant technicall iIssues:

»>Quality of (electricity) supply.
> Active control of distribution networks with D&
»>Short circuit level limitation
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Operational fopIcs i aisiriouiio

networks 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

VVVVVVVYVY
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1 Load flow and opiinaliload iio

applications I HEIWorsstWiilti on\\

> New and modifiedl algorithims and methods; fior
accurate andl fiasi power! flow: and opiimal power
flow analyses| are needed:

> The objective of: OPF applicationsican; be
minimization of costs or maximization! off profiiy.

> It is important 1ol determine priority: objectives,
whichi should' be achievediby adjus'ring 0
different: power system conirol variables, while
satisfying all’ physicaland operating consirainis:
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Overview. of methiods, for:joad. 116

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

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

> Compensation method for networks with small
number: ofi loops

> Modified Newton=-Raphsonimeihod

> Fuzzy methods
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OPFE problenifoyimulation
a I

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

(%)

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

and' subjject: to) fhe inequalify consiranis:
hx)z 0 j=/*+1_.. m

where x' = [y uj Js: a vecior oj: sysien variavles,
which consists) of: deperidefiis variaples: (Siaie
variables) vecior: y/) and. ojiindeperndelii: variables
(conitrol variables) vecior u;

. S

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

VVVVVV V




D UTRTUAL BALKAN POWER CENTRE x /h

Conventional nonlinear O metiiods—"
e I

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

>  Technigues: of: opiimizaiion wiiti perialiy/ 1uniciions,
>  Gradient methiods,

> Newfton's typel meitiod,

> Lagrange multipliers meinods; ...
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Possible obfectives
a I

— minimization of: the active & redclivel power Josses;

- optimization of fhe, volfage profiles;

- minimization of: 1he generation fuel cosis,

- minimization of: the Sysiem) energy, cosss,

- maximization of: ffie profir;

- maximization, of: ffie. Ssysiemiperiormarce,

- opftfimization of: The power: exclialige Wil o1Her: SysieHis,

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

- control generator'si MW & MVARE SETTings Withinil e
specified /imits,

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

. S

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




D UIRTUAL BALKAN POWER CENTRE

Lagrange mu/liplerstmefiod.

/N

A I

> The Jidea is. fo expanid 1He  objeciive funciion
with two) adadifional Termsz.

>

> 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

) - Lagranger muliipliers: vecior: for
the. inequality, Type, consirainis

N 4
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Ve funciion.

N N N
ZPPi: PGi_ZPPi ‘

1=1 1=1 1=1

/UI\

nom
U

N is the number of nodes within! the actual distribution

network
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ILLUSTRATIVE EXAMPLE
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~NETWORK
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o5
5

Dayly load profiles for ihe ELS Sysien

{ 2 3 45 6 7 8 9101112 13 14 15 16 17 18 19 20 21 22 23 24
r: Yacosu
Illustrative examples: for 2004

Day withithe peakioad N (15:2%)

g a\ And day withisheimihimaltload (816r) /
4

rr;|'
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Load (Stafe) estimaiion problerig

networks: with DGs
- ™

> Load (state) estimation’is improved in nefworks
with: DGs due ol meastredi voltages!inPVinodes

> The higher number’ ofi'smalligeneratorsi the
better opservability’condifions

> Number of measuremenit (billing)Fpointsiis
increased
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Neitwork: reconfiguraiion

) disiribution neiworks wiin DGs -

> With DGs| basic reconfiguration objectivesiare
changed

> Reformulation| off losses minimization problem

> Fider load balancing shouldNinclude: unii:
commitment,

> Optimization of voltage profilesiwitihirDEs s
different

. S
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Network resforation i a/siribuiion

networks with D65,
- ™

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

> Alternative ways! of voltiager restoration: are
different: then! in passiverneiworks

. S

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

Cooperation
Contract: TNNCO-CT-2004-509205H




D UIRTUAL BALKAN POWER CENTRE m

Reactive, power’ and Vollage

conirol in networks; wiin DGs.
- ™

> Reactive flowsH are different in networksiwith DGs

> Voltage controlable bus inf the point ofif DG
connection

> Recalculation of reactiverloadiprofiles
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Unit commifment: in. aisiribuiion
networks. witih DGs.

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

> Coordination with tiransmission; sysiiem: operaiion
> Short term load forecasiting

> The objective: is 1o minimize the total production
costs over the operationallplanning period

> Constraints: availability  off renewable’ primary
energy, loadl demand requiremenis, technical
limitations (minimum; up: and down' fimes, ramp) rates,
transmission, line capacity limi¥s;, sSpinning reserve

 limits,..) A
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Load profiles: and impaci of operaiion
P P P N

of networks wiith DGs
A Il

> Monitoring ofi loadl profiles

> Objective ofi effiectiveroperaiion
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Economical operationin

neitworks wiith D6s.
e I

> Optimal economicioperaiion firom fhe
point: of: view. of*

- Owner of' DGs

- Owner of distributiont network
- Owner of the wholelsysiem

- Combinations
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Superposiiion conceps:
a I

Distributed
Generation

Substation

Distributed
Generation

RTU

Switch

Substation —D—D—

. S

Si