AUS | as LM._JI_,_M_‘_S)_,_@YI ise ol 3
American Universi ity of Sharjah

EOviko Xy&owo Apaong
Avaveoolpov IInyov Evépyalag
HAigktporrapayoyns Kvrpov

Ap. Avopeag IMMoviikkag, Ph.D, D.Sc
Avarminpot)s Kadnynmic
American University of Sharjah
apoullikkas@aus.edu

21 Jun 2013

ETEK — Frederick University, 21 June 1013



AUS | St
Heplexo HEVA

* Yroxpewoeic Kutrpou

 MegBodoAoyia BeATiIOTOTTOINONG

OUOTHHATOGC NAEKTPOTTAPAYWYNG ME EVTALN
ANE-H

 KUpia atroreAéopaTta

 MeAAOVTIKEC EVEPYEIEC
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Ymoypewoeirg Kvmxpov
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Oﬁnyla ATIE 2009/28/EC

* AIE otoucg Topeig (a) BEppavon kai yuen, (B)
NAEKTPOTTAPAYWYN Kal (Y) METAPOPES
» Kutrpog 2005:
— AMNE og Béppavon kail gyuén: 2.9%
— AlE og nAekTpotrapaywyn: 0%
— ANE og perapopéc: 0%
 KUtrpog 2020: deopeuTIKOG 0TOXOC AlIME 010 13%
Xow + Xu+ Xm=13%

ETEK - 4
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Oeopnoetnon opnadacg epyaociag avo PAEK
CERA Renewable Energy Sources Working Group

+ Steering Committee:
George Shammas, CERA Chairman
Constantinos Eliopoulos, CERA Vice Chairman

Kypros Kyprianides, CERA Member

«  Working Group Coordinator:

Prof. Andreas Poullikkas, American University of Sharjah

Working Group Members:

Petros Andreou (EAC), Anthi Charalambous (Cyprus Energy Agency), Charalambos
Charalambous (University of Cyprus), Venizelos Efthimiou (Distribution System Operator and
Cyprus Scientific and Technical Chamber), Andreas Frixou (CERA), George Georgiou (Cyprus
Employers and Industrialists Federation and Cyprus Association of Renewable Energy
Enterprises), Christakis Hadjilaou (Cyprus Transmission System Operator), loannis
Hadjipaschalis (EAC), Andreas Karaolis (Ministry of Finance), George Kourtis (EAC), Andreas
Lizides (Ministry of Commerce), Theodoulos Mesimeris (Ministry of Agriculture), Alexis Pouros
(Planning Bureau), Constantinos Rouvas (EAC), Andreas Theophanous (CERA), Christos Tsingis
(Cyprus Energy Wind Association), Constantinos Varnava (Cyprus Transmission System

Operator), Theodoros Zachariades (Cyprus University of Technology)
ETEK — 5
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Emikaipotroinon Kade 2 xpovia

EOviké Zx£d10 Apdaong AMNE-H: louviog 2010

— BéATioTO ogvapio 16% trapaywyn atmd AlMNE-H otn karavaAwon
NAEKTPIKNAG eEVEPYEIAG () 5% OTNV CUVOAIKN KATAVAAWON EVEPYEING)
— Elonynoeig yia mepaiTEPw HEAETN OAWYV TWV TEXVO-OIKOVOMIKWYV

TTOPAMETPWYV

Emriomreuon eykaraoraong ®B cuotnuatwyv: Zem 2011
— Me1050TIKOG d1ayWVIOHOG

— Net-metering

1" Emikaipotroinon EOvikou Zxédi10 Apaong AMNE-H: og €€€AIEn

ETEK — 6
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To TTpOBANnUa
 MeyaAn e10doxn TexvoAoyiwv AlE-H

KuUpl10¢ OKOTTOC

* EKTiMNON TNG au¢nong (N Tou o@PEAOUC) OTO
KOOTOG TTOPAYWYNG NAEKTPIKAG EVEPYEING
O€ EVO CUCTNHUA NAEKTPOTTAPAYWYNGS
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IKavoTNnTEC HOVTEAOU™

« Xpon aAyopifuwy d0Eo0HEUONG TWV HOVAOWYV
NAEKTPOTTOPAYWYNG

 Evepyelakd piypa

« KOOTOG N 0PEAOC OTO KOOTOG
NAEKTPOTTOAPAYWYNG TTAPAYWYNS

 M&yeBog eyyunUEVWY OIATNUICEWYV

* Mpdoivo TéEAoGg

* Poullikkas A., Kourtis 6., Hadjipaschalis I., 2011, "A hybrid model for the optimum integration of renewable
technologies in power generation systems”, Energy Policy.

ETEK — 9
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Kvplow mapayovteg wov Aappavovrar vown

 KéoTOG a1TOoQUYNS KAUCIMOU: ME TNV auinon Tou
mmooooTou digiocduong AlE-H n KatavaAwon KauGipwyv
MEIWVETAI

« KoéoTtog amo@uyrng CO,: ye TV augnon Tou TTo000TOU
dicioduong AlE-H o1 ektroptrég CO, peiwvovTal

e ALITOUPYIKO KOOTOG CUHMBATIKWY HOVAdWYV
NAEKTPOTTAPAYWYNG: HE TNV AUENOT TOU TTOCOCTOU
dicioduong AlNE-H 1o AsiToupyiké KO6OTOG TOU
OUMBATIKOU CUCTHHATOS NAEKTPOTTAPAYWYNS AUEAVETAI
AOYO TWV AVAYKWYV £QedpPEiag

ETEK -
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Objective function
 Minimizing total cost

or
 Maximizing profit

» satisfy constraints
— Reserve margin
— Spinning reserve
— Fuel constraints
— Environmental constraints
— Power transmission constraints, etc

ETEK — Frederick University, 21 June 1013
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Typical objective function

 minimize the production cost, ¢, of each candidate power
technology configuration, k

n

min C = min 2 X; (cl- )

X : control variable

cost component of each
configuration (or scenario)

* find optimum values of x; where C takes on a minimum
value

ETEK — Frederick University, 21 June 1013 12
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Constraints
 Load demand
* Unit capacity
« Available capacity
« Spinning reserve

* Environmental limitations

 Power flow limitations, etc.

ETEK — Frederick University, 21 June 1013

PD(z) = El(i,t)P(i,t)

Pg,min(i) = P(i,t) = Pg,max(i)

q., 1f unit i is OFF

Ry < Zro(i,t)] () Tofi) =
(i) if unit i is ON

RS(t) = zrs(i,t)l(i,t) Fsig) = minlIOMSRi’Pg,max(i) - })(i,z)J

E E C, |_P(i,t)l(i,t)J+ Se(,-,t) <E_.

i t

=B =B =f[B(t)»<P(t)JS P

13
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Typical shape of objective function*

28 -
26 1
24 1 local minimum
22 - global minimum

|

Electricity unit cost (USc¢/kWh)
>

0 T T T T T T T
0 1 10 100 1,000 10,000 100,000 1,000,000 10,000,000

Scenario
* Poullikkas A., 2009, “A decouple optimization method for power technology selection in competitive

markets”, Energy Sources
ETEK — Frederick University, 21 June 1013
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Global data and
assump tions

h 4
- TP P mmodel e m 5 T WASP model |- s s s s s s m
H ~ H H ~ H
Input data and I Input data and :
scenarios H H scenarios H

: H
: CO,> emissions | H
:

i | ]

: CGenerate technol. E E Generate 5
: variables : H seneration system H
: N :
: ' H :
: v : : v :
: IPP model e WWASP model :
E simmulations ' H simmulations H
H

Generation systern
electricity unit cost
(excluding cxtcrllalltics)

FElectricity unit cost,
fimancial indicators
(including externalities) H

tion model (hybrid model
lementing IPP and WASP models)

‘e ; COO-> emissions
Viable CGenerate
technologies externalities cost
- EAC RES Optimum generation
Optimum purchase price L system electricity unit cost
electricity unit cost h_4
RES fund income .
scenarios

imiza

Candidate RES
technologies

Eligible feed-in tariffs

Opt

imp
Z

Converge?

Optimum feed-in tariffs

* Poullikkas A., Kourtis 6., Hadjipaschalis I., 2011, “"A hybrid model for the optimum integration of renewable
technologies in power generation systems”, Energy Policy.

ETEK — Frederick University, 21 June 1013
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Decouple optimization technique®

Electricity unit cost (USc/kWh)

24 - £ {\ g Existing system
22 .2 £ ‘ 2, +
T - o
20 - 5 S & s 2
) g o> = = .
S S =) = Candidate plants:
18 - < o co 8
x 25 ﬂ u «  Nucl
16 - o:Jlmw uclear
Z % &
14 - o = « Coal
_ > Lk
12 ; r\ g o g . - Natural gas
10 T3 13 e . Wind
X n P g
g - (<} E g} \M ‘0 PVs, etc.
6 ® _ e .
lg d -~ . "
4 | ()
2 _
0 f ‘ T i ; F T T
0 1 2 3 < 5 6 7 8 9

Candidate power technology configuration

* Poullikkas A., 2009, “A decouple optimization method for power technology selection in competitive

markets”, Energy Sources

ETEK —
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Decouple optimization technique*

26 Parametric analysis

24 - = o ™ r\ 10 S io 1
— cenario
Sn| 8§ |
2 . § § § § Scenario 2
%) 18 | 0 0 0 ” n Scenario 3
< 16 : Scenario 4
>
S 14 - ’\ i efc.
= 12 - ' k l
= ! )
= 10 S ] S
> i 8 si &
:4_) | | 9 ) §
5 8 g ’ ‘
o~ < ) § . ‘
b 6 B 8 - P e A -
(P 0 C S U) d -~ o= "
2 4 : 4
= /\’

2 b

0 f f f | | f T T

0 1 2 3 4 5 6 7 8 9

Candidate power technology configuration

* Poullikkas A., 2009, “A decouple optimization method for power technology selection in competitive

markets”, Energy Sources
ETEK —
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Decoupled objective function*

Fuel ($) Fixed O&M ($) Variable O&M ($)

NN L/

 T0C, 9C, 0C,m  9Cou,
N + + +

S|k ok ok " ok

\

Electricity unit cost Discount rate (%)

($c/kWh)

r

Energy (kWh)

*Poullikkas A., IPP algorithm version 2.1, User manual, © 2000-2006.

ETEK — Frederick University, 21 June 1013
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| n * - *
« Capital cost function * Fuel cost function
C it Loadlng ) ific fuel
B oot e G 6o J st
Annual cost ($)
capital cost \ \ / \ \ /
®) ICy 72 ExLF;xF,
aCc] 4 0E 0Cy = AN
—L = 1 + 1+ — ok ak x CV.
ok qf m) () T 1
Loan interest (%) / Eficiency (%) Calorific value (kJ/kg)
Inflation (%)
| | | * n | | *
 Fixed O&M cost function  Variable O&M cost function
Monthly specific
Annual fixed fLotadi?g) fixed O&M cost Loading Variable
Lal X actor (% ($7kW) factor (%) specific O&M
O8M cost () \ / it Capacity (MW) ost ($/kWh)
O&M cost ($) \
0C ory 1 0E 90 IC oy OLF,
L =ZZ(1+r)j P M ﬂ=z3(1+ )J 16E aOMV
ok / ok ok ok / ok ak ok
Inflation (%) Inflation (%)

* Poullikkas A., 2001, “A technology selection algorithm for independent power producers”,
The Electricity Journal.

ETEK — Frederick University, 21 June 1013 19



AUS | St il
Environmental indicator functions

« SO,, NO, and dust environmental indicator function*

Exhaust gases

o specific volume
Emission limit P

value (Nm¥/kg) (Nm?/kg)
Environmental \ /
indicator (g/kWh) \
oFT1 ; oS Wi oG

WUy _ ok ok ok
ok / 1000

Fuel consumption indicator
(kg/kWh)
WL, 9 (360
ok dk\nxCV

« CO, environmental indicator function®

Fuel carbon
content (%)

Environmental
oy \U \
WUco,; 440 9FI, 39X 0X,

ok 12 | ok 0ok ok

Oxidation factor
(%)

Fuel consumption
indicator (kg/kWh)

L, (360
ok dk\nxCV

* Poullikkas A., 2009, “A decouple optimization method for power technology selection in competitive markets”,
Energy Sources.
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CCS cost functions

« CO, capture cost function*

Electricity unit Electricity unit

cost of cost of
. candidate
candidate
technology \ / technology
CO, capture with CCS Jdc oc without CCS
cost (US$/ (USc/kWh) T (USc/kWh)
tonne CO,) ok a(k _ 1)
ccs,, .=
ipture a U
d¢ 9V co,
ok ok \
CO,
emissions of
CO, capture candidate
efficiency (%) technology
with CCS (g/
kWh)

« CO, avoidance cost function®

Electricity unit

CO, avoidance Electricity unit cost of

cost (US$/ cost of candidate
tonne CO,) candidate \ t(fttr:]hn?lco:%ys
technology withou
with CCS dc  dc (Uscikwh)
(USc/kWh) ok a(k 1)

CCSavoi ance
d U o, _[aUCOZ (1_ I }

/ ak-1) y ok P
CO, emissions of CO,
candidate technology ~ emissions of
without CCS (g/kWh) candidate
technology
with CCS (g/
kWh)

CO, capture
efficiency (%)

* Hadjipaschalis I., Christou C., Poullikkas A., 2007, “Assessment of future sustainable power technologies with
carbon capture and storage”, International Journal of Emerging Electric Power Systems.

ETEK — Frederick University, 21 June 1013
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Wind functions*

Production Coefficient of
(kWh) performance (%)

N

P E Jac, on,, on, P,
ok 4| ok fok ok ok

Efficiency

Efficiency (%)
s * %%
CSP functions
Solar
Production potential ici
(kWh (kWh/m2) Eﬁl%l/f)n o

N\
OP _i dl; 9A on, on,

ok 4| ok akf ok ok

Area (m?)

ETEK — Frederick University, 21 June 1013

(%) potential

PV functions™*

Solar
Production potential Efficienc
(kWh (kWh/m?) %) ’

N\
ﬁ_z 01; 9A on
ok ok Ibk ok

j=1
Area (m?)

* Poullikkas A., 2007, “Implementation of distributed
generation technologies in isolated power systems”,
Renewable and Sustainable Energy Reviews

** Poullikkas A., 2009, “Parametric cost-benefit analysis
for the installation of photovoltaic parks in the island of
Cyprus”, Energy Policy

*** Poullikkas A., 2009, “Economic analysis of power
generation from parabolic trough solar thermal plants for
the Mediterranean region — A case study for the island of
Cyprus”, Renewable and Sustainable Energy Reviews
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i * A+ Ay + Ay + Ay Candidate technology
Set of equat|ons 1 ~—————— 1 + existing system
1
Al + A2 + A3 + A4 Candidate technology
~ — ) + existing system
As 5
A+ Ay + A3 + A, Candidate technology
—~—— 3 + eXisting system
As ;
Al +A2 +A3 +A4 Candic_ja’Fe technology
. .0 ~— 4 + existing system
minc = min— A
ok > 4
* Poullikkas A., 2009, “A decouple A+ A4, + A3 + Ay Candidate technology
optimization method for power ~—— ] 4 existing system
technology selection in competitive A5
markets”, Energy Sources. | k|

ETEK — Frederick University, 21 June 1013 23
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Kvupwa asroteieopata -
EmMonevon eykataotacncg
®B cvotnuatwv: Xex 2011
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KuUpiog o10X0¢

 Na uUTToAOYIOTEI N TTPAYMATIKA augnon (R
OPEAOG) TOU KOOTOUG NAEKTPOTTAPAYWYNS ME TNV
Olgiocduon Twv AlE oTnVv nAekTpotrapaywyn
£TO1 WOTE N KUTTpog va treTUXEl Tov oTo)X0o AlE

o10 13%

ETEK — Frederick University, 21 June 1013 25



Al |S | s,z ”u_Q Sy oY i sl 4
American Universi ity of Sharjah

Atrogaon Tng Yroupyikng ETTITPOTTAC UTTELOUVNG
via Oguata AMNE (22 AuyouoTtou 2011):

 Emkaipotroinon oxediov dpaong AlNE-H yia tnv
EMICTTEVON TNG EYKATAOTAONS TWV OB

OUCTNMATWY OTO CUCTNHA NAEKTPOTTAPAYWYNS

ETEK -
26
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2EVAPIA TTOU ECETAOTNKAV (emiTrAéov Tou BAU RES-E):

2evapio PV-1: Nwpitepn eykatdotaon ®B cuoTnudaTwy 10X00G
26.95MW (2.5MW ouvoAIkng 1oxUog AtyoTepng Twv 7kW kai 24.45MW
OUVOAIKNG 10XU0G AlyoTepnS Twv 150kW)

2evapio PV-2: Nwpitepn eykataotaon ®B ocuoTnudaTwy 10X0U0G
51.95MW (2.5MW ocuvoAIkng 10X00¢ Atyotepng Twv 7kW, 24.45MW
OUVOAIKNAG 10XU0G Alyotepng Twv 150kW ka1 25MW cuvoAIKR\ G 10XU0G
Alyotepng Twv SMW

2evapio PV-3: Nwpitepn eykataotaon ®B cuoTnudaTwy 10X0U0G
76.95MW (2.5MW ouvoAIkng 10X00¢ AlyoTtepng Twv 7kW, 24.45MW
OUVOAIKNAG 10XU0G Alyotepng Twv 150kW ka1 SOMW cuvoAIKh G 10XU0G
Alyotepng Twv 10MW)

2evapio PV-4: Nwpitepn eykataotaon ®B cuoTnudaTwy 10X0U0G
126.95MW (2.5MW ouvoAIki G 10X00¢ AiyoTtepng Twv 7kW, 24 45MW

oUVOAIKRG 10XU0G AtyoTepng Twv 150kW kait 100MW ocuvoAIKAG 1I0XU0G

Alyotepng Twv 10MW)

ETEK —
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Avapevouevn dietodvon AIIE-H ywva ovvewo@opa 16%
nexpt 2020 (Zevapro BAU RES-E)

Installed capacity (MW)

600

550

500

450

400

350

300

250

200

150

100

50

0

¥ Photovoltaics
B CSP Parabolic trough with storage (6 hours)
Biomass

- B Wind

2011-2012 2013-2014

ETEK — Frederick University, 21 June 1013

2015-2016 2017-2018

Year

2020
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Avapevopevn detodvon @B ywa Tevapro PV-1

600
¥ Photovoltaics
550 T _ )
B CSP Parabolic trough with storage (6 hours)
500 7 Biomass
450 T ® Wind

Installed capacity (MW)

400
350
300
250

200 l
150
100
50
0 T T
2011-2012 2013-2014 2015-2016 2017-2018 2020
Year

ETEK — Frederick University, 21 June 1013 29



AUS | igl el si S, Mieol I
American University of Sharjah

Avapevopevn detodvon @B yua Tevapro PV-2

600

- .
550 - Photovoltaics

B CSP Parabolic trough with storage (6 hours)
500 77 Biomass

AN
S
S

(%)
W
(a)

N
N
[a)

\®)
S
)

Installed capacity (MW)
W
S
()

= I

2011-2012 2013-2014 2015-2016 2017-2018 2020

. N Year
ETEK — Frederick University, 21 June 1013 30
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Avapevopevn detodvon @B ywa Zevapro PV-3

2011-2012 2013-2014 2015-2016 2017-2018 2020

. N Year
ETEK — Frederick University, 21 June 1013 31

600
¥ Photovoltaics
550 H
B CSP Parabolic trough with storage (6 hours)
500 1 Biomass
450 41 ™ wind
400

(%)
W
(a)

N
N
[a)

\®)
S
)

Installed capacity (MW)
W
S
()
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Installed capacity (MW)

Avapevopevn dietodvon @B yua Tevapro PV-4

600

¥ Photovoltaics
550 11

B CSP Parabolic trough with storage (6 hours)
500 1

Biomass

450 11

B Wind

400
350
300
250
200 I

150

100

50

0

2011-2012 2013-2014 2015-2016 2017-2018 2020

. N Year
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IeprOwpro e@pedperag oevapro PV-3

Capacity reserve margin (%)

40

35

30

25

20

15

10 -

2012 2013 2014

ETEK — Frederick University, 21 June 1013

2015

2016

Year

2017

2018

2019

2020
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Katavaiewon kavotpov gevapro PV-3

1600000

®HFO
1400000 A B Natural gas

B Gasoil

1200000 T

1000000 -

800000 -

600000 A

Fuel consumption (t)

400000 A

200000 T

2012 2013 2014 2015 2016 2017 2018 2019 2020

Year
ETEK — Frederick University, 21 June 1013 35
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Energy production (GWh)

Evepyelwaxo piypa cgevapro PV-3

5000 1
B CSP with 6h storage
4500
Biomass
4000
PVs
3500
B Wind

3000
B Vasilikos combined cycles
2500
¥ Vasilikos gas turbine
2000
® Moni gas turbines
1500
¥ Dhekelia ICE
1000
B Vasilikos steam plant
500

Dhekelia steam plant

0 1 1 1 1 1 1 1
2014 2015 2016 2017 2018 2019 2020

Year
ETEK — Frederick University, 21 June 1013 36
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¥ \ 4

Etnoleg extouneg CO2

4600000 | f

4100000 ==BAU RES-E |

4400000 -

4300000 N, Dy

4200000 (AN, B
4100000 7 7 A _ we=PV/_)D B
4000000 .

3900000

£ 3800000

3700000

3600000

3500000

3400000

EB 3300000
3200000
3100000
3000000
2900000
2800000
2700000
2600000
2500000

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

=He=PV/_4

, emissions
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AvENoNn KOOTOVE NAEKTPOTTAPAY®YTIS at0 eumopia CO2

Electricity unit cost increase due to CO, ETS

1.40 ; ,
=+=BAU RES-E
1.30 +-
~B=pV.]
120 - THPV2
PV-3
§ L10 H yepyg
=4
@ 1.00
&
£ 0.90
8
1>
2 0.80
0.70
0.60 /
0.50 5
2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

ETEK — Frederick University, 21 June 1013 Year 38
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Avaykaio gloo06npa Tapeiov AITE

PV4 47,837,695 316,320,308 PV4 14519 0.8250
V3 718,023,891 298,806,162 PV3 1.3940 0.7804
PV 691,748,201 84848311 V2 0.7525
PVI 664,938,174 252,692,795 PVl 0.6724
BAURES-E 608,236,007 21,605,621 BAURES-E 1.1809 0.5685
0 200,000,000 400,000,000 600,000,000 800,000,000 1,000,000,000  1,200,000,000 0. 05 10 15 20 23
B Contribution from EAC RES-E purchasing taniff B Contribution from EAC RES-E purchasing tarff
R ncome fom €02 trading actioning Contributions in RES-E fund (in ral prices) €) ¥ oo fom CO2 trdingavctoing Contributions in RES-E fund (in real prices) (€c/kWh)
Required RESE levy Required RES-E levy
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Net-metering*
3kWp PV installation

1,400
BEnergy demand
L2001 BV generation
B Net metering
1,000 -

Monthly energy (kWh)
N (e =]
S S

RS B

200 T

January
February
March
April
May
June

July

* Poullikkas A., 2013, “A comparative assessment of net metering and feed-in tariff schemes for residential PV

August

September

October
November
December

7kWp PV installation

systems”, Sustainable Energy Technologies and Assessments

ETEK — Frederick University, 21 June 1013

1,400
¥ Energy demand
1,200 11 ,
PV generation
2 1,000 - "Netmetering |- - g
:
P B B N N N A
@800
0
g
0
2\‘ ____________________
g
g
0
PR W B O N N BN O O e .
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MeAAOVTIKEG EVEPYELEC
1n Emikaipotroinon EOvikou 2x€di10 Apaong AlNE-H
* 0¢€ &gEAIN
* "Evragn kai cuppeTox Twv AMNE-H otnv ayopd nAEKTPIKAG
EVEPYEING
v’ HETAROON OTrd TO ONUEPIVO OCUCTNHA EYYUNUEVWY SIOTIHACEWY
ayopag NAEKTPIKANG EVEPYEINS (AVECAPTNTO ATTO TNV ayopd
NAEKTPIKAG EVEPYEING) OE Eva pNXaVIOMO TTou Ba oTnpileTal oTnVv

ayopd nAekTPIKAG evépyelag 6TTwe 1o Sliding Premium-Price FiT
Payments

* MeiodoTIKOG diaywviouocg kKal net metering®
* E&ETaon eykKATAOTAONG CUCTAMATOG AVTAIOIOTANIEUONG™™
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